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GROUP VI 

INTRODUCTION 
This group consists of the elements: 

0 S Se Te Po (B) 

Or Mo W U (A) 

As usual among the later groups the difference between the subgroups is 
greater than in the preceding group; their resemblances are practically 
confined to the compounds in which thp atoms have the group valency of 6, 
such as the sulphates and chromates; otherwise the subgroups are quite 
distinct from one another. The first two elements belong definitely to 
subgroup B rather than A. 

Typical and B Elements 

The radii of the neutral atoms and of the divalent anions A of these 
elements are as follows: for comparison those of the n>eutral atoms of the 
A subgroup (which of course give no simple anions) are added: 



0 

1 - 

1 S 

Se 

Te 

Po« 

Rad. of atom 

0*66 

1-04 

M7 

1-37 

1*70 

of ion A 

1-32 

U74 

1*91 

211 

,, 


Cr 

Mo 

W 

U 


Rad. of atom 

1*25 

1*36 

1-37 

1-49 





The typical and B elements are all highly electronegative. They are the 
first elements we have dealt with which can form free monatomic anions; 
they all show the characteristic valency of 2, both in the simple ions and 
in their covalent compounds. This covalency is relatively seldom exceeded 
by oxygen, but with the other elements covalencies of 3, 4, and 6 are 
common. The metaUio character is only slightly apparent even m the 
heaviest of these elements: the sohd elements selenium, tellurium, and 
polonium occur in a metallic form, but the metallic properties of this form 
are feeble; they can form quadrivalent cations (with the first electron pair 
inert), and tellurium in particular gives a series of salts of this kind. 

The most marked difference in the series^® is between oxygen and sul¬ 
phur, and the least between sulphur and selenium: the propraties of 
poloniiun, so far as they are known, are those to be expected from its 
position. 

Of these elements oxygen will be discussed first, and then sulphur; 
selenium and tellurium are best discussed together. 

^ M. A. BoUier, S. B. Headricks, aad L. B. Maxwell, J. Chem. Phya. 1936, 4 , 
648. 

For a discussion of the changes in structure and in conductivity of the ele¬ 
ments from oxygen to polonium, see A. von Hippel, ib. 1948, 16, 872. 
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OXYGEN 

Most of the compounds of oxygen have been dealt with under the other 
elements they contain. 

Oxygen is the most abundant of all the elements, and forms almost 
exactly half (49*4 per cjent.) of the earth’s crust by weight: of the atmo¬ 
sphere 20*8 per cent, hy volume and 23-0 by weight. Its importance as the 
source of the energy o f nearly all living matter is obvious: an adult man 
at rest consumes abou t 20 litres of oxygen (one ounce) per hour. 

Oxygen has three natural isotopes, with atomic weights of 16, 17, and 
18; none, except the commonest, ^®0, is abundant enough to be detected by 
the mass spectrograph; ^^0 and ^®0 were found spectroscopically by 
Giauque and Johnston in 1929.^ The most probable proportions are^ ^®0; 
170; i®0 = 1; 1/2,500; 1/500. 

The i®0 is much more difficult to concentrate than deuterium, though 
this is to some extent offset by its being 10 times as abundant. The 
electrolytic factor instead of being about 3 (as for H/D) is only 1-01: the 
electrolysis of 117 lii'.res of water down to 1 c.c. only increased the propor¬ 
tion of i®0 by 10 pcT cent. The vapour pressure difference is also small, 
the ratio at 100° being 1*003 (HOH/HOD 1 025); the boiling- 

point of is calculated to be 100*13° (HOD 100*76°), but a separation 
can be effected, though slowly, by its fractional distillation.'^*^ Other 
methods are the diffusion of oxygen gas (Herz), possibly the freezing out of 
water,® and a variel^y of reversible reactions in which the proportions of 
the isotopes are different on the two sides, for example: 

2 HgisQ + = 2 

The calculated equilibrium ratio is 1*097, or the fractionation factor 1*047. 
This has been confirmed experimentally, and the reaction used for the 
enrichment of but an enzyme derived from blood must be added to 
hasten the COg/HgCOs equilibrium. Owing partly to the larger amount 
of the heavier isotope it was found possible to detect a difference in the 
proportions between atmospheric oxygen and natural water. This 
amounted to 6 parts per million in density for Lake Michigan water ^ and 
8*6 p.p.m. at Washington®; the 1/500 of normally present gives on 
increase in density of 222 p.p.m., so that this means that the proportion 
of is 3-4 per cent, gu’eater in the air. 

Exchange of Oxygen Isotopes 

This is a new and imjoortant subject (for a general account see ref. ®). 
The determination of the isotopic proportions is difficult, and the exchange 

® W. F. Giauque and H. L. Johnston, Nature, 1929, 123, 318, 831. 

® B. F. Murphey, Phys» Hev, 1941, ii. 59, 320. 

* H. C. Urey and J. R. tluffman, J. Ind, Eng, Chem, 1937, 29, 531. 

® H. G. Thode, S. R. Smit}h, and F. O. Walkling, Canad. J, Res, 1944, 22, B 127. 

* R. V. Teis and K. P. Florenski, C,R, Acad, Sci, U,R,S.S. 1941, 32, 199. 

^ M. Dole, J, Chem, Fhya, 1936, 4, 778. 

* E. R. Smith and H. Matheson, J, Res, Nat, Bur, Stand, 1936, 17, 626. 

® O. Reitz, Z, Elehtrockem, 1939, 45, 100. 
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is not a question of yes or no; it has its own heat of activation, and 
the rate, like that of any other chemical reaction, is very sensitive 
to the conditions, and especially to the temperature. Some of the 
already numerous papers may be quoted under the oxygen compounds 
concerned. Water^^»®^; Metals: CaO^^. Borates^; Carbon 
Organic Compoimds^^“^®»^^“^'2®'^®; Saponification^®*^"’'^®; Silicates®®; Nitrous 
oxide®®; Nitrites®®; Nitrates®®*®®; Phosphates^®*®’^*®®"^; Arsenates®^"®; 
Sulphates^^*®®*®’^“®'®®“^; Sulphites, etc.®®"®; Selenates®®; Chinmates®®"®*®®; 
Halogen oxy-acids®®*®®; Manganese oxides®®"®®. 

Some of the conclusions reached with the organic compounds may be 
mentioned. In general the hydroxylic oxygen in the alcohols does not 
move,^®*®^ but the carbonyl oxygen, especially in aldehydes, will do 

gQ 13,15,21-2 

The behaviour of the carboxyl group is obscure^^^®*®^*®®; the exchange 
is very slow with salts, but is catalysed by hydrogen ion; hence while it 
does not occur with acetic acid, it does so with chloracetic, and especially 
with trichloracetic. It has already been mentioned (IV. 627) that in 
the hydrolysis and esterification of esters the oxygen attached to the alkyl 
of the alcohol retains its place. 

Physical Properties of Oxygen 

Oxygen melts at —218'5° C. (54*7° K.), and boils at *—183*^; the Trouton 
constant is 18*1; the liquid and solid are pale blue. The solid is probably 

E. Blumenthal and J. B. M. Herbert, Trans, Far, Soc. 1937, 33, 849. 

S. C. Datta, J. N. E. Day, and C. K. Ingold, J.C.S. 1937, 1968. 

N. Morita and T. Titani, Bull. Cliem. Soc, Japan, 1937, 12, 104. 

J. B. M. Herbert and I. Lauder, Trans. Far. Soc. 1938, 34, 432. 

Id., ib. 1219. 

M. Koizumi and T. Titani, Bull. Clieni. Soc. Japan, 1938, 13, 463. 

Id., ib. 607. W. H. Hears, J. Chem. Fhys, 1938, 6, 295. 

M. Senkus and W. G. Brown, J. Org, Chem. 1937, 2, 669. 

T. Titani, N. Morita, and K. Goto, Bull. Chem. Soc. Japan, 1938, 13, 329. 

T. Titani and K. Goto, ib. 667. 

M. Cohn and H. C. Urey, J.A.C.S. 1938, 60, 679. 

I. Roberts and H. C. Drey, ib. 880. 

W. H. Hears and H. Sobodka, ib. 1939, 61, 880. 

2^* G. A. Mills and H. C. Urey, ib. 634. 

I. Roberts and H. C. Urey, ib. 2680. Id., ib. 2584. 

2’ T. Titani and K. Goto, Bull. Chem. Soc. Japan, 1939, 14, 77. 

28 N. F. Hall and O. R. Alexander, J.A.C.S. 1940, 62, 3455. 

22 G. A. Mills, ib. 2833. 

2” N. Morita, Bull, Chem, Soc. Japan, 1940, 15, 1. Id., ib. 47. 

82 Id., ib. 71. 

88 E. R. S. Winter, M. Carlton, and H. A. V. Briscoe, J.C.S. 1940, 131. 

8^ E. R. S. Winter and H. A. V. Briscoe, ib. 1942, 631. 

88 A. E. Brodsky, N. I. Dedussenko, I. A. Makolkin, and G. P. Miklukhin, J. 
Chem. Phys. 1943, 11, 342. 

8® I. Roberts and H. C. Urey, J,A,C.S. 1938, 60, 2391. 

8' M. Polanyi and A. L. Szabo, Trans, Far, Soc. 1934, 30, 608. 
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trimorphic, with transition points at —230*6® and —255*6®.®®*® For the 
properties, and modes of formation and destruction of the negative gas 
ions O'" and O 2 , see reference 

The structure of the Og molecule is peculiar, as can be seen from the fact 
that it is paramagnetic although it is an even molecule (the only other even 
molecule which owes its paramagnetism to oxygen is that of ozone). It 
has been shown^^ that instead of its having four shared electrons as a double 
bond the second two are unpaired (hence the paramagnetism). This 

state has 22*4 k.cals./mole less energy than the doubly linked state: 
the heat of dissociation of Og is 118*2 k.cals., though that of the true 0=0 
link is only 96 k.cals.^® This peculiar structure implies a kind of unsatura¬ 
tion, which accounts for the great chemical activity of molecular oxygen, 
and especially for the way in which whole O 2 molecules will often combine 
with readily oxidizable substances. 

Atmnic Oxygen 

Molecular oxygen is dissociated by heat, the percentage of atomic 
oxygen present at equilibrium under 1 atm. pressure being 3 x 10~®® at 
0® C., 1 per cent, at 2,300®, and 96 per cent, at 4,730®.^®“* The same disso¬ 
ciation can be effected by an electric discharge (conveniently electrode¬ 
less), and as the atoms do not recombine at once, a gas containing 20 per 
cent, of atoms or more can be readily obtained.^*® Atomic oxygen is of 
course very reactiv'e. At the ordinary temperature it will oxidize HgS, CS 2 
(with luminescence), HCl, HCN, and organic compounds in general.®®*®® 
At liquid-air temperatures^®'®'®^ it combines largely with its own mole¬ 
cules to form ozone (which is not formed at the ordinary temperatures); 
with hydrogen it gives what seems to be a second form of hydrogen 
peroxide^® (see p. 870); and in the same way vdth organic compounds it 
gives solid addition compounds (not isolated), which at about —100® 
rearrange to give the usual oxidation products. 

When oxygen combines readily in the cold with another substance, it 
usually does so by whole molecules of O 2 ; this process is known as autoxida- 

L. Vegard, Nature, 1936, 136, 720. 

»» Id., Z. Phya. 1935, 98, 1. 

D. R. Bates and H. S. W. Massey, Phil. Trans. 1943, 239, 269. 

G. W. meland, Trans. Far. Soc. 1937, 33, 1499. 

See further, L. Pauling, Chemical Bond, p. 263. 

^ ‘ H. L. Johnston and M. K. Walker, J.A.C.8. 1933, 55, 187. 

G. V, Elbe and B. Lewis, ib. 607. 

« E. Wrede, Z. Phys. 1929, 54, 53. 

P. Harteck and U. Kopsch, Z. Elektrochem. 1930, 36, 714. 

*' P. Hartcck, Trans. Far. Soc. 1934, 30, 134, 

P. W. Schlenk and H. Jablonowski, Z. Elektrochem. 1939, 45, 650. 

K. H. Geib and P. Harteck, Trans. Far. Soc. 1934, 30, 134. 

W. H. Rodebush and W. A. Nichols, J.A.G.S. 1930, 52, 3864. 

P. Harteck and E. Roeder, Z. physikal. Chem. 1937, 178, 389. 

P. Harteck and K, Stewart, ib. 181, 183. 
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t|on, and the product has been called a moloxide or holoxide: for example, 
with hexaphenyhethane: 

Often, too, if the autoxidizable substance is mixed with a second oxidizable 
but not autoxidizable substance, this latter is oxidized at the same time; 
and then the oxygen is nearly always equally shared between the two 
substances. This is usually, if not always, due to the primar}^^ formation 
by the autoxidizer of a moloxide, which is then reduced by the second 
(acceptor) substance. Thus indigo is not oxidized by elementary oxygen 
but benzaldehyde is: if the two are mixed, the indigo is oxidized at the 
same time as the aldehyde. Here it can be shown that the aldehyde is 

yO—0--H 

first converted to the per-acid (b —» which is then reduced 

by the indigo to ordinar}^ benzoic acid. 

Of the innumerable oxidations effected by oxygen the most important, 
and the most thoroughly investigated, is its combination with hydrogen. 
For this see references ^ 3 - 7,670 


OZONE, O 3 

Ozone, the highly active allotropic modification of oxygen, is formed by a 
variety of methods, all of which involve the primary atomization of the 
oxygen, since it is the product of the combination of oxygen atoms with 
the diatomic oxygen molecule. As ozone is unstable, it must be formed 
at or chilled to the ordinary temperature, where its rate of change is slow; 
thus it is formed when oxygen is blown over a heated Nernst filament, and 
then chilled; it is also produced in many reactions in which oxygen is 
evolved at a low temperature, as in the decomposition of hydrogen peroxide, 
in the action of fluorine on w ater, in the thermal decomposition of periodic 
acid at 130° (but not in that of potassium perchlorate, because the tempera¬ 
ture is too high), and in the electrolysis of fairly strong sulphuric acid. 

Another series of methods of formation involves the action of the electric 
discharge or of ultra-violet light; the usual method is with the silent 
electric discharge; the action of light is very complicated, as one wave¬ 
length will atomize oxygen, and so produce ozone, while another will 
decompose the ozone.®®'® 

C. N. Hinshelwood and A. T. Williamson, ‘The Reaction between Hydrogen 
and Oxygen’ (Oxford 1934). 

C. N. Hinshelwood, A. T. Williamson, and J. H. Wolfenden, Nature, 1934, 
133, 836; Proc. Roy. Soc. 1934, 147, 48 (this confirms the previous conclusions by 
the use of deuteritim). 

S. Kimata, N. Aonii, and R. Goto, Rev. Phya.-Chem. Japan, 1941, 15, 42. 

G. V. Erbe and B. Lewis, J. Chem. Phys. 1942, 10, 366. 

For a general accoimt of the combination of oxygen and hydrogen, see Hinshel¬ 
wood, Bakerian Lecture, Proc. Roy. Soc. 1946, 188, 1. 

A. H. WiUboum and C. N. Hinshelwood, ib., 185, 363, 369, 376. 

** A. Eucken and F. Patat, Z. physikal. Ohem. 1936, B 33, 469. 

W. H. Otto and W. H. Bennett, J. Chem. Phys. 1940, 8, 899. 
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Ozone is found in nature, being formed by the action of sunKght on the 
oxygen in the upper layers of the earth’s atmosphere. A careful examina¬ 
tion by G. M. B. Dobson and others (in which the concentration of the 
ozone was determined from the absorption bands in the transmitted light), 
has shown that the height of this ozone layer is about 25 km.; the total 
amoimt is enough to form a layer about 3 mm.®^“ thick at atmospheric 
pressure on the surface of the earth (about 2 parts per million of the whole 
atmosphere). Near the earth’s surface the concentration is much lower, 
and very difficult to determine. Paneth and Edgar®^® have, however, 
measured it by condensing the ozone on silica gel at —180°; they find that 
the air in London and Southport contains from 0*1 to 1*1 p.p.m. of ozone 
(from 1/20 to 1/2 of the concentration in the whole atmosphere). 

The ozone molecule is triatomic, as was shown by Soret (1868), from the 
rate of diffusion of ozone in oxygen. For a discussion of the (remarkably 
large) force constants see reference For the conclusions from the infra-red 
spectra, which are not easy to reconcile with some of the other data, see 
Dennison.®^ It is paramagnetic. On cooling it forms a dark indigo-blue 
liquid and solid. Its melting- and boiling-points are as follows®^: 



B. pt. 

M. pt. 

Trouton 

Ozone 

-112-3“ 

-249-6° (23-6° K) 

18-6 

Oxygen 

-183° 

-216-4° (66-7° K) 

18*1 


(Notice the effect of symmetry in raising the melting-point of the oxygen.) 
Below —158° oxygen and ozone form two liquid layers, one of which at 
— 183° contains 30 per cent, of oxygen; no other element behaves in this 
way, though phosphorus can form a metastable system of sohd red and 
liquid white phosphorus. 

Ozone is endothermic®®"®; the conversion of two molecules of ozone into 
three of oxygen evolves 68*0 k.cals.; hence the heat of formation of ozone 
from its atoms (H^) is 144*3 k.cals. (see further below, under Structure). It 
follows by Nernst’s theorem that at equilibrium even at 3,750° K. there 
is only 1 part of ozone in 40,000. Hence ozone is always unstable with 
respect to oxygen; the pure solid or liquid is highly explosive, and if the 
liquid mixture of oxygen and ozone is allowed to evaporate, the residue 
ultimately detonates. 

Ozone is characterized by an extraordinarily intense absorption band— 
the most intense known for any gas—beginning about 2,900 A. The 3 mm. 
of ozone in the atmosphere absorb the light of this wave-length that falls 

D. M. Simpson, Trans. Far. Soc. 1946, 41, 209. 

A. Adel and D. M. Dennison, J. Chem. Phys. 1946, 14, 379. 

J. Stair, J. Res. Bur. Stand. 1948, 40, 9, finds 2*1 mm. in New Mexico. 

•• F, A. Paneth and J. L. Edgar, Nature, 1938, 142, 112. 

«» J. L. Edgar and F. A. Paneth, J.C.S. 1941, 511, 519. 

A. L. Spangenberg, Z. physikal. Chem. 1920, 119, 419. 

S. John, Z. anorg. Ch^m. 1908, 60, 292, 337. 

** A. Kailan and S. Jahn, ib. 1910, 68, 260. 
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on the earth so completely that stellar spectra cannot be observed beyond 
this point. If the ozone were suddenly withdrawn, we should all be killed 
within a few minutes by the sun’s ultra-violet light. H. N. Russell®^ says 
that a layer of ozone 'at its worst’ (i.e. at the wave-length of maximum 
absorption) is as opaque as one of metal of the same mass per c.c., so that 
the 3 mm. layer in the upper atmosphere is as opaque to light of this wave¬ 
length as three sheets of gold leaf (thickness each 1/10,000 mm.). 

The absorption spectrum of ozone shows that it is not a linear molecule 
and so it must either be a ring 

or a bent chaiiA ^ ^\o' 

The spectra indicate®® that the angle is 122° and the 0—O distance 
1*29 A; electron diffraction gives®® 127^:3° and 1*26 A (theory O—O 1*32, 
0=0 1*10). This supports the second formula, which is like that of sulphur 
dioxide 


0=Sv _ 

\o 


with resonance between the two forms 


This agrees with the intense absorption band, which is found generally in 
molecules whose resonance forms differ in the position of an electric charge, 
as in rosaniUne, the cyanine dyes, the meriqumoid compounds generally, 
and Prussian blue. Sulphur dioxide has a similar though less intense band 
in the ultra-violet. 

The energy relations are curious. As we have seen, for ozone is 
144*3 k.cals. For the 0—0 we may take the normal value of 34*9 k.cals.; 
for the 0=0, since ozone is paramagnetic, we must use the value for 
molecular oxygen (118*2); but this would give 34*9+118*2 = 153*1, and 
hence a negative resonance energy; even if we assume the 0=0 value to 
be less (on the analogy of nitrogen) because the central oxygen has only 
one unshared electron pair, and use the value 


(0—0) X 


(_N=N~] 

(>N-N<) 




we get for the theory 34*9+106*1 ~ 141*0 k.cals., which gives a resonance 
energy of only 3*3 k.cals. 

Ozone decomposes to oxygen very slowly at the ordinary temperature, 
but fairly quickly at 100°, and immediately at 300° (for details of this see 
Hinshelwood).^®*^®" The decomposition is greatly hastened by many 
catalysts, such as manganese dioxide, lead dioxide, and many metals, 
especially silver. Ozone is a very powerful oxidizing agent, which com- 

H. N. Russell, Nature, 1935, 135, 220. 

W. S. Benedict, Phys. Rev. 1933, ii. 43, 580. 

W. Shand and R. A. Spurr, J.A.C.S> 1943, 65, 179. 

Chemical Change in Caseous Systems, ed. 3, 1933, pp. 80, 210. 

G. R. Hill, J.A.C.S. 1948, 70, 1306. 

L. I. Kashtanov, N. P, Ivanova, and V. P. Eishov, J. Appl. Chem. Russ, 1936, 
9, 2176: B.C.A. 1937, i. 315. 
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monly acts by reduction to diatomic oxygen; it will convert lead sulphide 
into sulphate, lead hydroxide Pb(OH )2 into the dioxide, potassium iodide 
in solution into iodine and potassium hydroxide, etc. In contact with it 
silver becomes covered with a brown layer of oxide; mercury gives a highly 
characteristic reaction, a mere trace of ozone making it lose its mobility 
and adhere in a thin film to the containing vessel. 

Organic compounds are readily oxidized by ozone; even hydrocarbons, 


of which the —H group is converted into 

into ^C= 


-C—OH and the )CHo 




=0.’^ It will oxidi?ie thioethers to sulphoxides and sulphones. 


78 


Its oxidation of formic acid has been shown’* to be a chain-reaction, 
inhibited by chloride ion and by acetic acid. 

A remarkable property of ozone is its addition to the double carbon link 
in unsaturated compounds (C. D. Harries, 1905).’® This can be used to 
determine the position of the double link, as the ozonides hydrolyse with 
rupture of the carbon cha^in at this place. The addition usually takes place 
in indifferent solvents like chloroform, and the products, which were 
written by Harries as 



are mostly green or colourless amorphous solids or oils, which are often 
explosive; they liberate iodine from potassium iodide, and react with 
water to give ketones (see also ref. ’®): 

&-C.O 3 + H 2 O = >C=0 + 0==:C< -f H 2 O 2 . 

Harries’s formula -with the otherwise almost unknown 3-oxygen chain is 
improbable, and Staudinger suggested another, 



this is equally compatible wdth the hydrolysis to two molecules of ketone 

+H2O2. 

Recent work by Rieche et entirely supports Staudinger’s view. 
Refractivity measurements indicate the presence of only one 0—0 link; 
the absorption spectra show a strong qualitative resemblance to those of 
the peroxides. It appears that the first step in the hydrolysis of these 
ozonides is the sjplitting of the ether link; thus Harries’s ‘formaldehyde 
peroxide’ is shown to be HO CHg—O—O—CH 2 -OH. Stoll and Rouve’® 
confirm these conclusions. 

J. R. Durland and H. Adkins, J.A.C,S. 1939, 61, 429. 

H. Bdhme and H. Fischer, Ber, 1942, 75, 1310. 

H. Taube, 1941, 63, 2463. 

C. D. Harries, Ann. 1905, 343, 311. 

N. C. Cook and F. C. Whitmore, J.A,C.S, 1941, 63, 3540. 

” A. Rioohe, R. Meister, and H. Sauthoff, Ann. 1942, 553, 187. 

^8 M. StoU and A. Rouve, Helv. Chim. Acta. 1944, 27, 960. 



Tetraiomic Oxygen 86S 

The simplest ozonide is the ethylene compound C 2 H 4 O 3 .’® It'^is an oil, 
boiling under 16 mm. at 20 °, and becoming a glass at —80°; it is stable at 
0 °, but decomposes at the ordinary temperature (often with explosion) to 
formaldehyde and formic acid: 

C2H4O3 - CH2O + CH2O2. 

The propylene compound is similar.®® Freezing-points in benzene indicate 
that most ozonides are mixtures of high polymers. 

The heats of formation of the ozonides in the solid state or in solution 
are about 100 k.cals.®^; their dipole moments are not more than 0*4 D 
greater than those of the unsaturated compounds from which they are 
derived. Their Raman spectra contain lines, some of which resemble 
those of the carboxylic anhydrides, and others those of the peroxides.®* 

Tetratomic Oxygen^ O4 

This has been said to exist, and has been called oxozone®*; but no such 
compound can be isolated; Briner®* ozonized oxygen by a variety of 
methods, and allowed the liquefied product to evaporate; but the tail 
fraction never gave any sign of the presence of any polymer other than O 3 . 

At the same time the behaviour of diatomic oxygen indicates the presence 
of O 4 molecules of a kind. These were discovered by G. N. Lewis®® from 
the magnetic susceptibilities, and confirmed by the absorption spectra®”^"® 
(especially under 1,000 atm.). But the spectra show that the two Og 
groups cannot be linked by ordinary bonds; their heat of linkage is only 
0*13 k.cal., and must be due to a kind of van der Waals force, which will 
be stronger than usual owing to the unpaired electron spins in the Og 
molecules®®; they have no more oxidizing power than ordinary diatomic 
oxygen. 

WATER 

Water is the typical associated liquid, as the following values show: 



CH 3 OCH 3 

CHg-OH 

HOH 

B. pt. 

-23° C. 

+ 66 ° 

100° 

Crit. T. 

127-1° 

240° 

374-2°« 

Crit. P. 

53 atm. 

78-5 atm. 

218 atm. 


a = 


E. Briner and P. Schnorf, ib. 1929, 12, 154. • Id., ib. 181. 

E. Briner, K. Ryffel, and S. de Nemitz, ib. 1938, 21, 357. 

E. Briner, D. Frank, and E. Perrottet, ib, 1312. 

E. Briner, S. de Nemitz, and E. Perrottet, ib. 762. 

C. D. Harries, Ber. 1912, 45, 936. 

E. Briner and H. Biedermann, Helv. Chim, Acta^ 1933, 16, 207. 

«« J.A.CB. 1924, 46, 2027. 

W. Finkelnburg and W. Steiner, Z, Phys, 1932, 79, 69. 

O. R. Wnlf, Proc, Nat. Acad. Sci. 1928, 14, 609. 

See Pauling, Chemical Bond, pp. 58, 253. 

88 E. SchrOer, Z. physikal. Chem. 1927, 129, 79. 
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Heat of fosion of ice 1-435 k.cals./mole (79-7 cals./g ).®^ Heat of evapora¬ 
tion 9*71 k.cals./mole; Trouton 26-0. The specific heat (per g.) is abnor¬ 
mally high, and almost exactly twice that of ice (0-502/—20"^); the 
dielectric constant is 81 at 20 °, one of the highest known. 

The conductivity of the purest water was determined by Kohlrausch 
and Heydweiller^ 2 . they distilled the first 2 or 3 c.c. from about a litre of 
specially purified water, in a glass apparatus which had been aged for 
10 years. They found the conductivity 0-043x10“®, but they corrected 
this for its minute salt content by means of the temperature coefficient 
to 0-0384 (all at 18°). Using the mobilities of 318 for H"*" and 174 for OH'*, 
this gives [H“^] = 0-78 x 10 “’', or = 0-608 x 10“^^ at 18°. Forty years 
later Hamed,®® by E.M.F. measurements, found at 18° the value 
0-58x10-14. 

Ice occurs in seven solid forms; these were first discovered by Tam- 
mann, but have lately been examined by Bridgman up to a pressure of 
45,000 atm.®4 Excepting ordinary ice they can only exist under high 
pressure; thus ordinary ice (I) at — 22 - 1 ° and 2,200 atm. goes over into 
ice (III), which expands on melting: at —37 and 2,240 atm. ice (III) goes 
over into ice (II). 

Water vapour is measurably associated. the exact degree is uncertain, 
because the form of the van der Waals equation is the same (proportional 
to l/v*) as that given by the law of mass action: but at 100° and under 
1 atm. the association is somewhat less than 10 per cent. According to the 
osmotic properties water is H 2 O in phenol (where it no doubt associates 
with the solvent) and H 4 O 2 in ether and in p-toluidine. 

The structure of the HgO molecule has been examined by Mecke®®"’ by 
means of the absorption spectrum. (For infra-red see refs. ®®-i®®). The 
molecule is L-shaped (this is also required by the finite dipole moment) : 
the angle is 105°, which supports Pauling’s theoretical conclusion that the 
normal angle for a dicovalent octet is between 90° and 110°: in H 2 O the 
angle is no doubt somewhat increased by the repulsion of the positive H 
atoms: the nuclear O • • -H distance is 0-95 A: the normal radius of singly 
linked oxygen is 0-66, so this gives 0-29 for the effective radius of the 
hydrogen, which is practically the normal value of 0-30 A* According 
to Mecke,^®^ the rotation-oscillation spectrum of HgO shows that it exists 
in ortho- and para- forms, like Hg. 

N. S. Osborne, J. Rea. Nat. Bur. Stand. 1939, 23, 643. 

F. Kohlrausch and A. Heydweiller, Z. phyaikal. Chem. 1894, 14, 317. 

H. S. Hamed and W. J. Hamer, J.A.G.8. 1933, 55, 2194. 

P* W. Bridgman, J. Chem. Phya. 1937, 5, 964. 

R. Mecke, Z. Phya. 1933, 81, 313. »• W. Baumann and R. Mecke, ib. 445. 

K. Freudenberg and R. Mecke, ib. 465. 

H, M, Randall, D. M. Dennison, N. Ginsburg, and L, R. Weber, Phya. Rev. 1937, 
ii, 52, 160 (fi 18-75). 

G. Bossohieter and J. Errera, G.R. 1937, 204, 1719 (fx 2-7-3). 

100 J. J. Fox and A. E. Martin, Proc. Roy. Soc. 1940, 174, 234 (/x 2-5-7-6). 

101 R, Mecke, Naturwiaa. 1932, 20, 657. 
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The structure of ice is discussed by Pauliiig.^*^^ The X-ray measure¬ 
ments^®^"® show the positions of the oxygen atoms, but not of course those 
of the hydrogens. Every oxygen atom is surrounded tetrahedrally by 
four other oxygens, all of them 2*76 A.U. away. Since each of these links 
involves two oxygen atoms, if each oxygen has four of them, the number 
of links will be twice the number of oxygens, or equal to the number of 
hydrogen atoms, so that there is one hydrogen for each link. Each may 
therefore be called a hydrogen bond, and the length is about normal for 
such a bond (0—H • • 0 in NaHCOg and KH 2 PO 4 2-5-2*6 A). But they are 
much longer than we should expect if the relation of the H to each 0 is 
the same as in hydroxyl; in water O—H is 0-95 A, so that O—H—0 
should be 1-90 A, whereas it is 2*76 A, 45 per cent, greater. This may mean 
either that the hydrogen is 1*38 A from each oxygen, or that it is as usual 
about 1 A from one, and is 1*76 from the other. Pauling^®® concludes that 
the second (unsymmetrical) alternative is true; the change in the vibra¬ 
tion frequency of the hydrogen is too small for so large an increase, 
and also the symmetrical structure is incompatible with the entropy of 
ice^®* and heavy ice^®® (for a further discussion of the hydrogen bond see 

I. 23-32). This unsymmetrical structure seems to mean that the bond 
is due rather to electrostatic attraction than to resonance. 

The structure of liquid water has been discussed in a remarkable paper 
by Bernal and Fowler,^^® the first real attempt to discuss the physics of a 
liquid. They assume that the liquid has a sort of pseudo-crystalline struc¬ 
ture, with three different crystalline states in proportions depending on 
the temperature; this is needed to explain the expansion of water below 4°. 
See further, Eucken^^®". 

Two molecular species derived from water are free OH radicals, and 
oxonium cations. 

Free hydroxyl radicals. At high temperatures, water vapour dissociates 
with the production of hydroxyl radicals, whose absorption spectra can be 
observed at 1,600°,^^^ and even in the light of a carbon arc burning in 
ordinary moist air.^^^ electric discharge in water vapour produces the 
same effect. The hydroxyl radicals (as measured by the absorption spec¬ 
trum) do not vanish as soon as the discharge stops, but persist for nearly a 
second.^^^ 

J,A.G,S, 1935, 57, 2680. D. M. Dennison, Phys, Rev, 1921, 17, 20. 

W. H. Bragg, Proc. Phys. Soc. 1922, 34, 98. 

W. H. Barnes, Proc. Roy. Soc. 1929, 125, 670. 

Chemical Bond, pp. 301-6. 

P. C. Cross, J. Burnham, and P. A. Leighton, J.A.G.S. 1937, 59, 1134. 

W. F. Gaiuque and M. Ashley, Phys. Rev. 1933, 43, 81; W. F. Giauque and 

J. W. Stout, J.A.C.S, 1936, 58, 1144. 

10 ® E. A. Long and J. D. Kemp, ib., 1829. 

J. D. Bernal and R. H. Fowler, J. Ghem. Phys. 1933, 1, 516. 

1 ^®® A. Eucken, Nachr. Oes. Wiss. Qdtt. 1946, 38. 

K. F. Bonhoeffer and H. Reichardt, Z. physihal. Ghem. 1928, 139, 75. 

O. Oldenberg, J. Ghem. Phys. 1934, 2, 713. 
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Oxonium compounds. These are of the type 


H 

H' 


:0~H 


+ 


X~, 


and correspond in structure to the ammonium salts, though they are loss 
stable. The first clearly recognized example of ‘ quadrivalent ’ oxygen was 
the hydrochloride of methyl ether (CH 3)20 HCl discovered by Friedel in 
1875: this boils at — 1 °, while of its components methyl ether boils at 
— 23*6° and hydrogen chloride at --85"^; it is partially but not wholly dis¬ 
sociated in the gaseous state. In 1899 Collie and Tickle showed that 
dimethyl pyrone 


HC 

II 

CHs-C 


\:®[ 


\o/ 


C-CH, 


formed salts like a monacid ba se with a series of acids: more than forty of 
these salts are now known. Further developments were made by Baeyer 
and Villiger in 1901 and the following years. 

The general analogy between and is obvious, but certain 

questions arise. 

1 . Friedel found^^® that (€ 113 ) 20 ‘HCl is not wholly dissociated in the 
vapour at 0 "^, and later work^^®-^^ has confirmed this conclusion, which is 
very remarkable. An oxonium compound must be ionized; the structure 

\ci 


is impossible as it makes the oxygen exceed the octet limit, and a hydrogen 
bond O—H • • Cl would be too weak to hold the parts together. But an 
ionized compound could not volatilize at 0 "^; the external electric field of 
the ions must therefore be weakened in some way, perhaps by resonance 
between (CH 3)20 H—Cl and (CH 3 ) 20 —H [Cl]. 

2 . A second question is why the pyrone compounds of Collie and Tickle 
are so ready to form oxonium salts. They have two oxygen atoms, and 
the presence of both is necessary to produce the unusual stability of the 
salts, so they must both take part in the structure. This is explained by 

O. Oldenberg and F. F. Rieke, J. Ohem. Phys, 1938, 6, 439. 

C. Friedel, Ber. 1876, 8, 77, 642. 

O. Maass and D. M. Morison, Trans. Boy. Soc, Canada, 1924, [iii]. 18, III, 49 
(J.G.S. Abstr. 1926, u. 600). 

J. Shidei, Mem. Coll. Set. Kyoto, 1926, 9 , 97. 
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the production of an aromatic structure (with its various resonance forms) 

0 O—H 

I i 

HO^ \ai — s- my^ \ch 

hI. Ih hL /Ih 

\o/ >CK + [Xr. 

3. Three of the four forms of the oxonium ion 


(1) [HsO]*^; (2) [RH^O]-^; (3) R^HOf 


(R = hydrocarbon radical) have long been known, being formed when an acid 
like hydrogen chloride is dissolved in water, alcohol, and ether respectively. 
The fourth type, [RjO]*^, in which all three hydrogen atoms are replaced, 
has recently been discovered, and many of its salts isolated by Meerwein 
and his colleagues.They showed that if the compound of boron tri- 
fluoride with ether Et 20 —is treated in ethereal solution with 
epichlorhydrin 


CH—CHXl 


a semi-solid mass is formed, of which the solid part is the triethyl oxonium 
salt Et 30 [BF 4 ]. It is very unstable, and melts at 92° with decomposition 
to EtgO-j-BFg and ethyl fluoride, from which also it can be made by heat¬ 
ing them in a sealed tube. With sodium picrate this salt gives the picrate 
Et 30 [C 6 H 2 (N 02 ) 30 ], m. pt. 58° with decomposition; attempts to make the 
iodide with potassium iodide failed. The borofluoride is a very powerful 
ethylating agent: with water it gives ethyl ether-falcohol, with phenol 
phenetol, etc. Epichlorhydrin will also act^^® in the same way on the 
etherates of antimony pentachloride, aluminium chloride, and ferric 
chloride, giving the salts (if B = Et 30 ) B[SbCl«] (m.pt. 135-7°) [B]A 1 C 14 
and [B]FeCl 4 . Their salt character is proved by their solubility in nitro- 
methane and in sulphur dioxide, and their high conductivity in the latter 
solvent. 

When Et 30 [BF 4 ] is treated with sodium hydroxide it slowly decom¬ 
poses, but by measuring the conductivity at intervals, and extrapolating 
back to zero time, it can be shown that Et 30 [ 0 H] is a base of the same 
high order of strength as Me 4 N[OH] or Et 3 S[OH]. 

By treating the borofluoride Et 30 [BF 4 ] with other complex acids, a 
series of salts such as [B]AuCl 4 (i^ pt. 92°), [BJgPtCl^ (decomposes 120°), 
[BjgSnCl^ (decomposes in the cold), and [B]Bil 4 were made. They are all 
similar; on heating they form RgO X+R hal; they are remarkably 
powerful alkylating agents. 

H. Meerwein, G. Hinz, P. Hofmann, E. Kroning, and E. Pfeil, J. prakt* 
Chem. 1937, ii. 147, 257; R.G.A. 37, ii. 46. 

H. Meerwein, H. Gold, E. Pfeil, G. Willfang, and E. Battenberg, J. prakt, Chem, 
1939, ii, 154, 83. 
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HYDROGEN PEROXIDE 

This is the primary product of the action of oxygen on hydrogen: it is 
formed in small quantity when hydrogen burns in air,^^^® or when a mixture 
of hydrogen and oxygen is passed over palladium black. It is commonly 
made by the action of acids on sodium or barium peroxide, or recently 
often through peroxy-disulphuric acid by the electrolysis of acid sulphates 
in concentrated solution in presence of hydrofluoric acid or potassium 
ferrocyanide; it is concentrated by fractional distillation under reduced 
pressure. 

Pure HgOg is an oily liquid, freezing at — I *7° but very easily supercool¬ 
ing ; b. pt. 69*7728 mm., extrapolated 1447760 mm. It has all the proper¬ 
ties of a highly associated liquid, and physically resembles water very 
closely. It has an even higher dielectric constant of 89*2 at 0° (water 
84*4/0°): a mixture of the two has a still higher dielectric constant, 120 in 
a 36 per cent, solution.It is miscible with water in all proportions, but 
relatively slightly soluble in non-associated liquids.It is an excellent 
ionizing solvent, in which salts are about as much dissociated as in water, 
though weak acids like acetic are very much less so. 

The specific conductivity of pure H 2 O 2 is, at 0°, 2 x 10 ®, which 
implies a concentration of hydrogen ion 50 times as great as in pure water, 
and a dissociation constant of about 10‘^ 2 , since the true K for water is 
about 10"^®. This result is confirmed by the potentiometric titration with 
potassium hydroxide, which gives 1*55x10“^^ at 20°.^^^ Hydi'ogen 
peroxide is thus definitely more acidic than water (compare carbonic acid, 

3X 10”^ at 18°, 10~^^; ortho-phosphoric acid 1*2x 10“^^), 

It is endothermic and very unstable, readily breaking up according to 
the reaction 

2 H^Oaua. 2 + 0^,^ + 46-9 k.cals.^^^ 

Assuming that HgOg (b. pt. 144°) has the same Trouton constant as water 
(a difference of 1 in this constant would only make a change of 0*84 k.cals.) 
the heat evolved if all the substances were gaseous would be 49*3 k.cals. 
The reaction really consists in the replacement of 2 O—0 links by the 
double link in molecular oxygen, and so should evolve 

118*2 - 2 X 34*9 = 48*4 k.cals.; 

so the resonance energy seems to be much the same in hydrogen peroxide 
as in water. For this question, and the heat of the O—0 Unk, see further, 
references 

In the complete absence of catalysts hydrogen peroxide remains for a 

See A. C. G. Egerton and G. J. Minkoff, Proc. Roy, Soc, 1947, 191, 145. 

A. 0. Cuthbertson and 0. Maass, J,A,C,S, 1930, 52, 489. 

121 J. H. Walton and H. A. Lewis, ib. 1916, 38, 633. 

^22 V. A. Kargin, Z. anorg. Chem, 1929, 183, 77. 

^23 ji. A. Skinner, Trans. Far. Soc. 1945, 41, 646. 

^ 2 ^ G. Glookler and G. Mattack, J. Chem. Phys. 1946, 14, 604. 

12*^ G, L. Matheson and O. Maass, J.A.C.S. 1929, 51, 674. 



Hydrogen Peroxide 869 

long time unchanged, but its decomposition is promoted by a very large 
number of substances, such as alkalies, potassium iodide, finely divided 
platinum and palladium, and certain enzymes known as catalases. 
All finely divided and sharp-edged soHds, even dust, promote the decom¬ 
position, and so the concentrated substances is commonly kept and sold 
in parafiin vessels. On the other hand, certain substances, even in small 
quantity, such as phosphoric and uric acids, are very effective in delaying 
the decomposition. 1 g. of uric acid will stabilize 30 litres of concen¬ 
trated 

Hydrogen peroxide can act both as an oxidizing and as a reducing agent. 
Its power of oxidation is most marked in alkaline solution: it can convert 
ferrous salts into ferric, sulphurous into sulphuric acid, hydrogen iodide 
into iodine, etc. Its reducing power is due to its removing oxygen atoms 
from other molecules in the form of diatomic oxygen. Thus silver oxide is 
reduced to silver, and potassium permanganate to a manganous salt; this 
reduction may often be due to the formation of an intermediate unstable 
oxidation product with an —O—O— group 

H 2 O 2 + A—0 -> HgO + A—0—0; 


with chromic acid a blue perchromic ‘acid’ is produced, which easily loses 
oxygen to give a chromic salt. (For the kinetics of the homogeneous 
decomposition of HgOg, catalysed by potassium bichromate, nitric acid, 
iodine, etc., see references 127-30 reduction by zinc, cadmium, 

thallium, and lead amalgams see reference i^i.) 

Hydrogen peroxide shares with water the power of acting as a donor, 
and can replace water of crystallization in many salts. 

There are two possible structures for HgOg 


H—0—O—H 


and 


;a^o. 

H^ 


By treatment in alkaline solution with dialkyl sulphate it can be con¬ 
verted into its dialkyl ethers, such as (CH 3 ) 202 , b.pt. 14°, and (C 2 H 6 ) 202 , 
b. pt. 65° (both at 760 mm.). These compoimds on reduction give alcohols, 

Alk\ 

so that they have the structure Aik—O—0—^Alk, and not 

which on reduction would give an ether. This does not, however, settle the 
structure of the hydrogen compound, which may well be tautomeric; the 

126 pQj. account of the physical and chemical properties of 90 per cent, aqueous 
hydrogen peroxide, see E. S. Shanley and F. P. Greenspan, /nd. Eng, Chem, 1947, 
39, 1536. 

N. I. Kobozev and E. E. Galbreich, J, Phys.-Chem, Russ. 1940, 14, 1660. 

R. Livingston, J, Phys, Chem, 1943, 47, 260. 

J. H. Walton, Z, physikaL Chem, 1904, 47, 185. 

G. Bredig and M. v. Bemeck, ib. 1899, 31, 258. 

H. A. Liebhafsky, J,A,C,S, 1942, 64, 852. 
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possible resonance formulae in the liquid could pass very easily into either 
form: 


H 

/ 

1 

H 

/ 

1 

. H 

1 

H 

1 

0 

6 

0 + 

6 - 


H 


H 



On treatment with potassium iodide hydrogen peroxide liberates iodine, 
and so does the half ether CgHs-OgH, though less readily, but diethyl 
peroxide does not. This agrees with the view that the oxidation of the 
iodide is a reaction of the 


Alk\ 

)0~>0 or ;o->o 


molecule. It should be noticed that if the 0->0 link has the same energy 
as —0—0— (as is usually assumed) the two forms in the gaseous state 
have as a first approximation the same energy, as both consist of two 
H—0 links and one 0—0. 

Penney and Sutherland^^^'^ calculate that the H—0—0—H molecule 
has no free rotation round the O—O hnk, and that the two Hv 

^0—0 groups 

are at right angles to one another. (They do not seem to have determined 


the relative stability of the 


•-0 form.) Their conclusions are sup¬ 


ported by the crystal structure of CO(NH 2 ) 2 , ; in this the urea 

molecules have the usual configuration, and the HgOg that of Penney and 
Sutherland, with the OH groups at an angle of 106^^; the O—0 distance is 
1*46 A, which is exceptionally long (theory 1-32); the packing of the crystal 
is effected by hydrogen bonds. The high dipole moment of hydrogen 
peroxide also supports this view; it is 2*13 D in dioxane at 25°, and 2*06 
in ether at 10°.^^® 

If atomized hydrogen (see I. 15) at 0*5 mm. is allowed to act on 
oxygen sunounded by hquid air, a colourless sohd deposit is formed, 
which has the composition HgOg, and seems to have the same absorption 
spectrum as hydrogen peroxide.^^ On warming, this melts sharply at 
— 115°, evolving oxygen violently, and at the ordinary temperature a 
liquid is left which contains up to 70 per cent, hydrogen peroxide. This 
solid may well consist of the less stable of the two tautomeric forms, 
which may melt at — 115° and in so doing change with the loss of much of 
its oxygen into the tautomeric mixture plus water (the ‘natural’ freezing- 
point of hydrogen peroxide is —1*7°). 


W. G- Penney and G. B. B. M. Sutherland, Trans, Far. Soc. 1934, 30, 898. 
138 Id., J. Chem. Phya. 1934, 2, 492. 

C. S. Lu, E. W. Hughes, and P. A. Gigu^re, J.A.C.S. 1941, 63, 1607. 

138 E. P. Linton and O. Maass, Canad. J. Rea. 1932, 7, 81. 

133 K. H. Geib and P. Harteck, Ber, 1932, 65, 1661. 
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Prom hydrogen peroxide are derived a large number of compounds 
containing the 0—0 link: not only organic derivatives such as the alkyl 
and acyl peroxides, the percarboxylic acids like 


CeHs 



etc. 


but also many inorganic derivatives, in which one or more oxygen atoms of 
a basic or acidic oxide, or an oxy-acid, are replaced by O—0 groups. The 
binary inorganic compounds are commonly known as peroxides: this name 
should be confined to O—O compounds, but is often extended to include 
any metallic oxides with an unusually large amount of oxygen, such as 
PbOg and MnOg. These two classes are as a rule easily distinguished. The 
oxide will dissolve in acids, and then if it contains a true 0—0 link, the 
solution will contain H 2 O 2 (e.g. Na202, BaOg). If it is not a true peroxide, 
but an oxide of an xmstable high valency, this will often be reduced by the 
acid (as Mn 02 +HCl MnCl 4 MnCl 2 +Cl 2 ), but it does not give 
hydrogen peroxide. 

True peroxides are those of the alkalies and alkaline earths, which are 
undoubtedly salts (Na2[02], Ba[02], like Na2[0], and Ba[0]). (Per- 
hydroxides M'[02H] also seem to occur^®’.) This is shown by X-ray 
analysis which gives the O • • 0 distance in Sr02 and BaOg as 1-3P*® (theory 
for O—O 1*32). Metals which are less electro-positive, or in other words 
go over more readily into the covalent state, such as zinc, mercury, and 
nickel, give less certain or at any rate less stable peroxides. 

Other compounds with the O—O link are numerous per-acids (or 
peroxy-acids), such as persulphuric, perboric, percarbonic, pertitanic, 
perchromic, etc. The elements of the A subgroups of Groups IV, V, and 
VI form these very readily, and they are most stable in the even groups, 
and in each group with the heaviest element.^^® X-ray analysis shows^^® 
that KgCrOg, KgNbOg, and KgTaOg have the same lattices, with 0—O 
1*34 A. 

A doubt whether some of these compounds are hydrated peracids, or 
normal acids with hydrogen peroxide of crystallization can often be 
settled by the ‘ Riesenfeld-Liebhafsky test’.^^^ With potassium iodide in 
a phosphate-buffered solution at 7-5-8-0 true peroxides, such as potas¬ 
sium persulphate KgSgOg, give free iodine but no oxygen, while hydrogen 
peroxide itself, and salts which undoubtedly contain HgOg of crystalliza¬ 
tion, give no iodine but liberate oxygen. When this test is positive—^when 
it gives I 2 —^it is good evidence of a true O—O link not attached to two 
hydrogen atoms: when it fails (gives oxygen) we can deduce that the 
A. Aguzzi, Gaz. 1938, 68, 816. 

^3® J. D. Bemal, E. Djatlova, I. Karsanovski, S. Reichstein, and A. G. Ward, 
Z, Krist, 1936, 92, 344. 

13* P. Melikov and L. Pissarjevsky, Z. anorg, Chem, 1899, 20, 340. 

i^° I. A. Wilson, Arkiv, Kemi, Min. Qeol. 1942, 15 B, no. 6. 

Ill R. Schwarz and F. Heinrich, Z. anorg. Chem. 1935, 223, 387. 
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compound has liberated hydrogen peroxide in the solution, either 
because it was there as hydrogen peroxide of crystallization, or because 
the X—0—0—H group was so unstable as to react with the water to 
form X—0—and H 2 O 2 . 

By this test it can be shown that we have true peroxides (i.e. molecules 
with an O—O group attached to the central atom) in Caro’s acid HgSOg, 
persulphuric acid EEgSgOg, percarbonic as in Na 2 C 04 , pertitanic as in 
H 2 Ti 04 , HgO, perzirconic H 2 Zr 04 , HgO, and perchromic (the blue) 
R 2 [Cr 20 i 2 ]- But the supposed per-compounds of silicon, germanium, 
and thorium seem to be only normal oxides with hydrogen peroxide of 
crystallization. 

Organic Peroxides 

Almost all classes of organic oxygen compounds can have an oxygen 
atom replaced by an —Og— group. The simplest are the alkyl hydro¬ 
peroxides or per-alcohols Aik—0—0—H and the dialkyl peroxides 
Aik—O—O—^Alk; these were first made by Baeyer and Villiger^^®"^ by 
the action of alkaline hydrogen peroxide on alkyl sulphates. 


Boiling-points [and Melting-points'] 



ROaH 

ROjB 

R = CHa 

? 

100^ 


ca. 96^^ 

65° [-78°] 

C3H, 

38730 mm. 

61*3°/80 mm. 

(CH,),C‘ 

! 

38718 mm. [-13-5°] 


a = iw, b = 


In general these two classes resemble the alcohols and ethers respec¬ 
tively, The per-alcohols decompose readily when concentrated, and are 
difficult to purify. The dialkyl peroxides are relatively stable, but explode 
on heating above their boiling-points. 

In chemical behaviour (our knowledge is mainly of the ethyl compounds) 
the per-alcohols^*® are in most points, but not in all, intermediate between 
the alkyl peroxides and hydrogen peroxide. They are far less stable than 
the peroxides, which are almost as inactive as ether; the alkyl groups in 
Aik—0—O—^Alk are not oxidized by permanganate or by cl^omic acid, 
and the 0—0 link is not reduced by sodium alone, and only very slowly 
by potassium iodide in presence of strong sulphuric acid ,* it is, however, 

^*2 A. v. Baeyer and V. Villiger, Ber, 1900, 33, 3387. 

Id., ib. 1901, 34, 738. 

E. J. Harris, Proc. Boy, Soc. 1939, 173, 126. 

N. A. Milas and S. A, Harris, J,A,C,S, 1938, 60, 2434. 

P. George and A. D. Walsh, Trans, Far, Soc. 1946, 42, 94. 

N, A, Milas and D. M. Surgenor, J.A.C.8. 1946, 68, 206. 

N. A. Milas and P. C. Panagiotakos, ib,^ 533. 
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reduced quantitatively by zinc and acetic acid with the production of 
ethyl alcohol, a proof that the structure is Et—O—0—Et and not 

Et\ 

But the vapour catches fire in air in contact with a thermometer at 250° 
(carbon disulphide does not do so below 300°), and if the liquid, in an 
atmosphere of carbon dioxide, is touched with a hot wire it vanishes, the 
main product being formaldehyde. The dialkyl peroxides have a faint 
smell like that of ethyl bromide, while ethyl per-alcohol smells like bleach¬ 
ing powder and acetaldehyde. 

The per-alcohol C 2 H 5 - 02 H is a weak acid about as strong as phenol, 
forming salts with alkalies and alkaline earths which are explosive and 
are decomposed by carbon dioxide. It differs markedly from hydrogen 
peroxide, having practically no reducing power, but only oxidizing. 
Chromic, molybdic, and titanic acids (which might either be reduced, 
e.g. to chromic salts, or oxidized to per-acids) have no action on it; acid 
permanganate is much more slowly decolorized by it (with evolution of 
oxygen) than by hydrogen peroxide. Silver oxide (which at once reduces 
hydrogen peroxide) has scarcely any action on the per-alcohol, while 
ordinary molecular silver, which has no action on hydrogen peroxide, 
decomposes the per-aloohol, sometimes explosively. On the other hand, it 
is a strong oxidizing agent; it oxidizes hydrogen iodide, with explosion in 
concentrated solution, and it can convert tertiary amines into amine 
oxides. 

Tertiary butyl peroxide (Me 3 C) 202 ^^''’ is abnormally stable; unlike the 
other esters it can be made from the alcohol and hydrogen peroxide with 
a dehydrating agent (MgS 04 HPOg); it will stand for months in the 
cold with 10 per cent, sodium hydroxide solution without change. For the 
kinetics of its decomposition in the gas at about 150° see reference 

Egerton and his colleagues have shown^^^®^ that in the oxidation of 
petrol by air, and in the ‘knocking’ of petrol engines under excessive 
compression, the alkyl peroxides and per-alcohols are probably starters of 
reaction chains. They find that diethyl peroxide is a strong ‘pro-knock’, 
and also that it greatly shortens the induction period of the slow oxidation 
of propane. 

Numerous organic peroxides of other types are known, such as the per- 
anhydrides. Peracetic anhydride CH 3 CO O 2 CO CH 3 was made by 
Brodie in 1863 from acetic anhydride and barium peroxide; it melts at 
30°, boils at 63°/21 mm., and is enormously explosive. Benzoyl peroxide 
O-CO-Og-CO® is used in organic chemistry as an oxidizing agent; for 

J. H. Raley, F. F. Rust, and W. E. Vaughan, ib. 1948, 70, 88. 

E. J. Harris and A. C. Egerton, Nature, 1938, 142, 830. 

Id., Proc. Boy, Soc» 1938, 168, 1. 

E. J. Harris, ib. 1939, 173, 126; 175, 254. 

E. C. Stathis and A. C. Egerton, Trans, Far, Soc. 1940, 36, 606. 
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the kinetics of its decomposition see references ; for the kinetics of its 
thermal decomposition see references J 56 a -6 
The per-acids RCO-OjH can be made by the hydrolysis of these per- 
anhydrides, or by the action of hydrogen peroxide on the ordinary acids in 
presence of sulphuric acid^®*; peracetic acid CH3 CO • O2H melts at -f 0*1*’ 
and explodes at 110°, which is taken to be its boiling-point. 

P. H. Hermans, Rec. Trav. 1935, 54, 760. 

H. Erlenmeyer and W. Schoenauer, Hdv. Chim. Acta, 1936, 19, 338. 

J. D. Brown, J.A.C.S. 1940, 62, 2667. 

J. d’Ans and W. Froy, Ber. 1912, 45, 1845. 

P. D. Bartlett and K. Nozaki, J.A.C.S. 1947, 69, 2299. 

B. Barnett and W. Vaughan, J. Phys. Ghem. 1947, 51, 926, 942. 



SULPHUR 

General 

The changes in properties to be expected when we go from oxygen to 
sulphur are these. 

1 . The covalency limit expands from 4 to 6 and that of the valency 
group from 8 electrons to 12 , as in SFg, to which oxygen forms no analogue. 

2 . It is improbable but not impossible that sulphur will show the inert 
pair of electrons. This is only just perceptible in arsenic (not in phos¬ 
phorus) on the one side, and in chlorine on the other. In fact it is scarcely 
found with sulphur except in resonance forms. The mixed decet 2 , 8 , 
which can only occur when the two electrons are inert, is almost imknown; 
it would occur in compounds of the type SX 4 if wholly covalent, but SCI 4 
exists only in the solid state, where it Is probably a salt [SClgjCl, while the 
supposed gaseous SF 4 does not seem to exist at all. 

3 . Sulphur, being in the second short period, should be much less ready 
to form multiple links than oxygen, as we found in silicon and phosphorus 
as compared with carbon and nitrognn. This no doubt explains the great 
instability of such molecules as S=S and S =0 in comparison with 0 = 0 . 

When we look at the observed facts, the most conspicuous differences 
between sulphur and oxygen are these. 

1 . Sulphur is more acidic; the first dissociation constant of water is 
2x10“^®, and that of hydrogen sulphide 3*31x10“’; this is probably 
because H 2 S is so much less associated than HgO; otherwise we should 
have expected the larger anion to ionize less readily. 

2 . Sulphur has a much stronger tendency than oxygen to form long 
chains with itself. In its compounds no chains of more than two oxygen 
atoms are known, and even compounds with two linked oxygens, such as 
hydrogen peroxide and the organic peroxides, decompose very readily. 
With sulphur chains of two, three, and even more sulphur atoms (in the 
polysulphides) are readily formed and are stable: the most striking example 
is the remarkable stability of the Sg molecule, under practically all condi¬ 
tions at temperatures below 800°. This is the exact reverse of the relations 
in Group IV, where carbon forms far more stable and longer chains than 
the second element silicon. 

3. Sulphur has a much stronger tendency than oxygen to assume a 
valency greater than two, even where it retains the octet (as it almost 
always does). The comparison of the sulphonium and oxonium compounds 
illustrates this, and we have also such compounds as the sulphoxides, sul- 
phones, and sulphates, to which oxygen offers no analogy. This difference, 
which is almost confined to the S—O compoimds, may be due to the energy 
of the resonance between the S-^0 and S=0 forms. 

4. A curious difference is that hydrogen cannot form a link between two 
sulphur atoms (though it can link sulphur to other atoms such as nitrogen), 
and in consequence hydrogen sulphide and the mercaptans are entirely 
non-assooiated, though the donor power of the sulphur in these com¬ 
pounds is as great as that of oxygen in water and the alcohols. 
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According to Faessler^®*^"® the position of the Kol X-ray doublet for 
sulphur varies somewhat with the valency. 

Elementary Sulphur 

Sulphur occurs in the earth’s crust to 500 parts per million (0*06 per 
cent,), in the free state (especially in Texas and in Sicily), as sulphates, 
and as sulphides. It has four natural isotopes: 

Mass No. . . 32 33 34 36 

Percent." . . 95-1 0-74 4-2 0-016 

a = 

Stewart and Cohen/®^ by the exchange of sulphur dioxide with sodium 
hydrogen sulphite have got samples in which 25 per cent, of the sulphur 
was ®^S. But for the measurement of the exchange of sulphur atoms in 
compounds radioactive ^®S (half-life 88 days)^®^ is always used; this is made 
by bombarding chlorine (carbon tetrachloride) with neutrons, or ordinary 
sulphur with deuterons. 

In every state, gas, liquid, sohd, elementary sulphur occurs in more than 
one modification, the whole constituting a confusing multitude of forms, 
whose relations are not yet fully understood. 

Sulphur boils at 444-6° C. At all temperatures from 60°^®^ up to about 
800° its molecular weight in the vapour is Sg; this molecule is extra¬ 
ordinarily stable and widespread: it is the molecule of rhombic and mono¬ 
clinic sulphur; it is the form in which sulphur occurs in aU non-reacting 
solvents at all temperatures at which the molecular weight has been 
measured, and these measurements, which are mainly due to Beckmann,^®® 
extend to twenty-nine solvents, and to temperatures from —-75° in 
S 2 CI 2 to 277° in anthraquinone. The structure of this Sg molecule is given 
later. 

Above 800° the vapour dissociates to Sg, with possibly^®®”® Sg as an inter¬ 
mediate form; at 1,000° it is mainly S 2 , and at 2,000° this is measurably 
broken up into single atoms. The heats of formation of the links from 
their atoms (H^) are (A—^A thermaP®’; A=A spectroscopic^®®): 



S 

Se 

Te 

A—A 

60-0 

46-3 


A=Al 

76-7 

71-6 

53-1 k.cals. 

A=A/A—A 

1-61 

1-64 



IS’ A. Faessler, Z. Phys, 1931, 72, 734, 

A. Faessler and M. Goehring, Natururisa, 1943, 31, 367. 

A. Faessler, Z. Elektrochem, 1944, 50, 64. 

1*® A. O. Nier, Phya. Eev, 1938, ii. 53, 282. 

D, W. Stewart and K. Cohen, J. Chem. Phya, 1940, 8, 904. 

M. D. Kamen, Phya, Rev, 1941, ii. 60, 537. 

KigJSfeumann, Z. phyaikal, Chem, 1934, 171, 399, 416. 

E. Beckmann, ib. 1909, 65, 289; Z. anorg, Chem, 1909, 63, 63; E. Beckmann 
and K. Hanslian, ib. 1913, 80, 221. 

16 S Preuner and W. Schupp, Z. phyaikcU, Chem, 1909, 68, 129. 

«« W, Klemm and H. Kilian, ib. 1941, B 49, 279. 
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The values usually accepted (and quoted in the Introduction, pp. xxxi, 
xxxii) are S—S 63’8, S=S 103*4; Se—Se 67*6, Se=Se 92*5 k.cals. 

In the solid state there are in addition to the crystalline rhombic and 
monoclinic forms, with a transition point of 96® (for the rate of change see 
ref. various other crystalline forms, all metastable with respect to the 
first two. There are also at least two amorphous forms, plastic sulphur, 
formed by chilling the liquid from 250® or above (see further, ref. and 
insoluble amorphous sulphur, which is formed from plastic sulphur on 
standing, and is contained in flowers of sulphur, as well as in other forms 
of the element. 

This colloidal form is insoluble in carbon disulphide. If the insolubility 
is real and permanent, this must be the stable form as compared with the 
rhombic and the monoclinic; but it seems more likely that it is ultimately 
soluble in carbon disulphide, but for some reason dissolves very slowly. 

At 200-250® liquid sulphur darkens and its viscosity enormously 
increases. At lower temperatures the molecules of liquid (as of dissolved) 
sulphur are no doubt Sg, but above 200® a new form must be produced, 
which is generally called S/z. This has been identified with plastic sulphur 
and also with the insoluble colloidal form. Attempts, often regarded as 
conclusive, have been made to determine the proportion of S/^ at various 
temperatures by chilling it, and after leaving it for some days in the cold 
to harden, grinding up and extracting with carbon disulphide. But Ham- 
mick has shown^’® that if the chilled mass is treated with carbon disulphide 
at once, nearly the whole dissolves, so that plastic sulphur appears to be 
soluble, and to produce the insoluble form on standing. The whole ques¬ 
tion of the relations of the liquid forms is very obscure.^^^"^ 

The structures of the three most definite forms, Sg, plastic sulphur, and 
Sg, have recently been determined. Warren and Burwell^^* showed by 
X-ray analysis of rhombic sulphur that the crystal cell contained 16 Sg 
molecules, each forming an 8-ring, puckered in this way 



the distance between two neighbours being 2*12 A (theory for S—S 2-08), 
and the angle 105*4® (compare HgO 105®). This has been confirmed by 
electron diffraction.^'^^ In the high-temperature Sg molecule the S- - S 

Bischowski and Rossini, Thermochemistry, 

P. Goldfinger, W. Jeunehorame, and B. Rosen, Nature^ 1936, 138, 205. 

P. G. Elias, N. H. Hartshome, and J. E. D. James, J,O.S. 1940, 588. 

I’o E. A. Fehnel, J,A,C,S, 1942, 64, 3041. 

R. E. Powell and H. Eyring, ib. 1943, 65, 648. 

N. S. Gingrich, J, Chem, Phys, 1940, 8, 29. 

1’® B. E. Warren and J. T. Burwell, ib. 1935, 3, 6. 

J. D. Howe and K. Lark-Horowitz, Phys, Rev, 1937, ii. 51, 380. 

D. LI. Hammick, W. R, Cousins, and E. J. Langford, J,C,S, 1928, 797. 

C. S. Lu and J. Donohue, J,A,C,S. 1944, 66, 818. 
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distance was found jErom the band spectrum^’'’ to be 1*88 A, and by elec¬ 
tron diflraction^^® to be at 800° 1 *92:^20*03 (theory for S=S 1*88). 

Plastic sulphur was shown by K. H. Meyer^*^^ to have a simple fibre 
structure; it is amorphous, but like rubber it can be made crystalline by 
stretching: that is to say the sulphur chains, which seem to have the form 




are normally tangled up with one another, but can be separated by pulling. 


Chemical Behaviour of Elementary Sulphur 
Sulphur is almost as ready to combine with other elements as oxygen, 
even in the solid state. It combines readily with hydrogen (for which its 
aflMty is, as usual, less than that of oxygen, the lighter member of the 
group), it catches fire in oxygen below 260° (it only forms SOg unless 
catalysts are present), it combines in the cold with fluorine, chlorine, and 
bromine, though not with iodine: carbon reacts at high temperatures, 
silicon, phosphorus, arsenic, antimony, and bismuth at their melting- 
points : it does not combine with tellurium. 

Nearly all metals combine with sulphur, and many of them in the cold. 
The combination takes place more easily, the earlier the group to which 
the metal belongs. Li, Na, K, Cu, Ag all react in the cold on contact with 
the solid (copper and silver have more affinity for sulphur than for oxygen): 
mercury does the same, even at —180° according to Dewar. Be, Ca, Sr, 
do not react except with sulphur vapour at 400°: Mg, Zn, Cd, very 
sUghtly in the cold, but easily on heating: Al, In, Tl, and the IVth Group 
metals do not perceptibly react below a high temperature: still less readily 
the metals of the Vth to the Vlllth Groups, such as Cr, W, U, Fe, Co, Ni. 

The only elements which are not known to combine directly with sul¬ 
phur are iodine, nitrogen (except perhaps in the active state), tellurium, 
gold, platinum, and iridium. 

HYDROGEN SULPHIDE, HgS 

Sulphur forms three hydrides, HgS, HgSg, and HgSg; the last two, having 
linked sulphur atoms, are considered later. 

Hydrogen sulphide boils at —60-4° and melts at —85-5°. The solid is 
trimorphic,^®®"* with transition points at —146-9° and -169-6°, the latter 
being the point at which free rotation of the HgS molecules begins. DgS 
is dimorphic,^®® with a m. pt. 0-5° below that of HgS. At -78-6° the specific 

E. Olsson, Nature, 1936, 137, 746. 

L. R. Maxwell, V. M. Mosley, and S. R. Hendricks, Phys, Rev, 1936, ii. 50, 41. 

K. H. Meyer and Y. Gk), Helv, Chim. Acta. 1934, 17, 1081. 

W. F. Giauque and R. W. Blue, J.A.G.S. 1936, 58, 831. 

K. Clusius and A. Frank, Z. phyaihal. Chem. 1936, B 34, 420. 

A. Kruis and K. Clusius, Phya. Z. 1937, 38, 610. 

Id., Z. phyaikal. Chem. 1937, B 38, 166. 
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conductivity of liquid HgS is 1-2 x 10”®, and its dielectric constant 8*3^®^ 
(water 81/20°). 

It differs remarkably from water in having in every way the properties 
of an unassociated substance. This is shown, for example, by the boiling- 
points (see table); by the Trouton constant of 21*0 (water 26-0); by the 
low dielectric constant; by the low dipole moment (see below); and by the 
structure of the solid, which is^®® a close-packed assemblage of SHj mole¬ 
cules, very unlike the open structure of ice. 


Boiling-points 






m- 

H—0—H 

100® c. 

H—S—H 

-60® 

-160® 

CHj—O—H 

66® 

CHa—S—H 

4-6® 

-60® 

C,Hs— 0 —H 

o 

00 

C 2 H 5 --S—H 

+ 36® 

-42® 

C^,— 0 —CjHs 

35® 

CjHj—S—CjjH^ 

92® 

+ 67® 


This marked difference from the highly associated water is clearly due 
to the hydrogen bond being much weaker when between two sulphur atoms 
than when between two oxygens (see above, I. 32), It is accompanied by 
a marked difference in dipole moment.^®® The latest values are given in 
the table, which shows (1) the moment of the compound, (2) the moment 
of the X—H link, assuming the valency angle to be 105°^®^ in HgS as it 
is m water, (3) the X - • - H distance, (4) the charge, assuming it to be 
located on the hydrogen and the sulphur, and (5) the same, expressed as a 
fraction of the electronic charge. 


XHj 


fi(X—H) 

Diet. 

X~H 

dE 

dE 

E 

OHj 

1-84 

1*51 

0-96 

1-69 

0*33 

SH, 

093 

0-76 

1-34 

0*57 

012 


These results scarcely support the view that the association of liquids 
like water is wholly due to the electrostatic attraction between the hydro¬ 
gens and the central atom. 

The general properties of hydrogen sulphide as a solvent are in agree¬ 
ment with its non-associated character. It is nearly four times as soluble 
in alcohol at 0° as in water, and it is miscible at —80° with CCI 4 , SiCl 4 , and 
CSg. It is practically a non-dissociating solvent for most salts, for which 
in general it is not a good solvent.^®® The liquid, especially in the dry 
and pure state, is relatively inactive. 

184 w. G. Bickford and J. A. Wilkinson, Proc. Iowa Acad. Sci, 1933, 40, 89. 

L. Pauling, J.A.C.S. 1935, 57, 2680. 

C. P. Smyth, ib. 1924, 46, 2151. 

B. L. Crawford, and P. C. Cross, J. Chem. Phys. 1937, 5, 371, find from the 
intensities of the absorption band at 10,000 A that the H—S—H angle is 90®, but 
this will only dimmish (X—H) by about 10 per cent. 

188 Biltz and E. Keunecke, Z, anorg. Chem. 1925, 147, 171. 
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The gas is about twice as soluble in water as carbon dioxide—about 
0-4 per cent, by weight at 18° and 1 atm. 

Hydrogen sulphide is a stronger acid than water, its first ionization 
constant being (in water) 3*3 X 10”whereas that of water (in itself) is 
2 X 10“^®. This must be mainly due to the absence of association, which 
would diminish the ionization in water; otherwise the larger sulphur 
anion should go over into the covalent state more easily than the smaller 
oxygen. 

As in all the last four groups (i.e. wherever hydrogen forms covalent 
links) the aflSnity for hydrogen falls off in the Vlth Group from oxygen to 
sulphur: the heats of formation from the atoms in the gaseous state at 25° 
are: 

O—H (half H^O) 110*2 k.cals.: S—H (half H*S) 87*6 

The difference is familiar from the way in which an HgS solution deposits 
sulphur through oxidation when exposed to the air. For details of its 
oxidation see references When heated alone HgS is decomposed above 
400°. It forms a solid hydrate, probably HgS, 

Mercaptaus (Thiols) 

These, which are the mono~aIkyl and aryl derivatives of hydrogen sul¬ 
phide, also behave as normal non-associated liquids; this is indicated by 
their low boiling-points, almost the same as those of the isomeric thio- 
ethers, and also by the low Trouton constants. Thus we have: 


Com/pound 

M, pt. 

B. pt. 

Trouton 

conatarvt 

CHa-SH* 

-123*0° 

+ 6*0° 

21*0 

CaHa-SH 

- 147*3° 

34*7° 

22*4 

n. C3H7 SH 

-113*3° 

68 ° 


n. Bu-SH 

-115*9° 

97° 


CHa-OH 


67° 

25*2 

CaHa-OH 


78'^ 

27*1 

(CH,)aS 


36*2 

21*3 

(CaHa),S 


91*6 

20*7 


The same conclusion is supported by their other physical properties; 
thus unlike the alcohols they are only slightly soluble in water. 

The mercaptans are much more acidic than the alcohols; the alkyl 
mercaptans are more like the phenols, and the aryl-mercaptans or thio- 

A. G. Eppreoht, Helv. Chim, Acta, 1938, 21, 206. 

B. Jakovleva and P. Schantarovitsch, J. Phye.-Ohem, Rma, 1937, 9, 112. 

N. M. Emanuel, ib. 1940, 14, 863. 

N. Emanuel, Acta Phyaioochem. U.R.S,S. 1944, 19, 360. 

»®* Id., J. Phys,-Ohem. Ruas. 1946, 19, 16, 

1 ** A, Korvezee and F. E. C. Scheifer, Rec. Tr<w, 1931, 50, 266. 

H. Russell, D. W. Osborne, and D. M. Yost, J.A.G.S, 1942, 64, 166. 
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phenols far more acidic than the corresponding phenols, phenyl-ortho- 
di-mercaptan CfiH 4 (SH )2 being nearly as strong an acid as acetic.^®^ The 
mercaptans, like the phenols, dissolve in alkalies to form salts, which are 
considerably but by no means completely hydrotysed. 

The polymethyleiie dimercaptans HS(CH 2 )nSH are known^®® from 
71 = 2 to w = 12; CH 2 (SH )2 could not be made. Their melting-points show 
a sharp alternation, those with n even being 20-40° higher than the next 
with n odd. The dibromides and glycols behave in the same way. 

Though the alkaline derivatives ^f the mercaptans are no doubt true 
salts, those of the heavy metals are certainly as a rule covalent, especially 
those of mercury (see II. 320) and divalent lead; the latter, like the 
mercury compounds, have very low melting-points, for example, 

(Et*S)2Pb 150°, (Bu*S)2Pb 80°, 

and are soluble in chloroform and benzene; these are almost the only 
covalent derivatives of divalent lead. 

Lilce hydrogen sulphide the mercaptans are very easily oxidized; thus 
sulphuric acid, instead of forming alkyl thiosulphates AlkELSgOj as 
AlkHS 04 is formed from alcohol, oxidizes them to the di-sulphides. 
Stronger oxidizing agents convert them into sulphonic acids Alk-SOgH. 

Thioethers 

These resemble the 0-ethers fairly closely in physical properties; they 
are immiscible with water, they are said to have no smell when pure, and 
they boil about 60° higher than their oxygen analogues; examples are: 



M, pt. 

B. pt. 

Trouton 

Me,S® 

-98-3° 

37-3° 

21-2 

EtsS" 

-102-1^ 

91-4° 

21-7 

(C,H,),S« 

Liquid 

293^^ 



a = W7, 6 = c = *8® 


The barrier to rotation of the methyl group is found from the specific 
heat of the vapour to be 1*5 k.cals. in and 2*0 k.cals. m 

G. Schwarzenbach, Helv. Chim. Acta, 1932, 15, 1468. 

W. P. Hall and E. E. Reid, J.A,C,S, 1943, 65, 1466. 

E. Wertheim, ib. 1929, 51, 3661. 

2^^ W. Steinkopf, Fer. Qes. d. Naturf. 1912, ii. 220 {J,C,S. Abatr. 1912, i. 292). 

V. Schomaker and L. Pauling, J.A,G.S, 1939, 61, 1769. 

G. W. Wheland, Theory of Resonance, 1944, p. 70. 

88 * For more of these see Richter, ed. 12, ii. 3, p. 21. 

F. S. Fawcett and H. E. Rasmussen, J,A,C,S. 1945, 67, 1705. 

288 F. S. Fawcett, ib. 1946, 68, 1420. 

288 G. C. Johnson, ib. 1947, 69, 150. 

287 D. W. Osborne, R. N. Doescher, and D. M. Yost, ib. 1942, 64, 169. 

288 H. W. Thompson and J. W. Linnett, Trana, Far, Soc, 1935, 31, 1743. 

288 Krause and v. Grosse, p. 661. 
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The valency angle of the sulphur in C—S—has been measured only in 
the diaryl sulphides, where the aryl groups might be expected to increase 
it; it is little if at all larger than the tetrahedral angle (in HoS it is much 
smaller, 105°). Thianthrene 



has a moment of 1*50 D in carbon tetrachloride, so it must be non-planar 
with the S-angles less than 120 ° 2 i 0 ; the dipole moments of their para- 
substitution compounds show that the valency angle in diphenyl sulphide 
is 113±3°,^^^ but in diphenyl ether 1284:4°2^^; finally, the crystal structure 
of the decamethylene ether of p-dihydroxy-phenyl sulphide (HO 0 ^ 114)28 
gives the C—S—C angle as 112*4+1*5° and the C—S distance as 1*71 
(theory 1*81). 

CH—CH 

. i! « 

Thiophene CH CH 

occurs up to 0*5 per cent, in crude benzene, and causes it to give the indo* 
phenin reaction (a blue-green colour with a trace of isatin in concentrated 
sulphuric acid); it can be made by heating succinic acid with phosphorus 
pentasulphide, or^^o ^y passing acetylene over pyrites at 300°. 

It is a colourless liquid smelling like benzene, to which it has a remarkably 
close resemblance. Electron diffraction^^^ shows the molecule to be planar, 
with the distances C—C 1*44, C^^=C 1*35, C—S 1*78 (theory C—C 1*54, 
C=C 1*33, C—S 1*81, C=S 1*61 A). The resonance energy as measured 
by the heat of combustion is 29 k.cals.^®^ (benzene 41). In physical proper¬ 
ties, and especially in boiling-points, thiophene and its derivatives closely 
resemble their benzene analogues, as the following values^®^ show (the 
benzene values are added in brackets): thiophene*®^ b. pt. 84*1° [80*5°]; 
2-methyl thiophene 112*5°, 3-methyl thiophene 115*4°2o® [110*8°]; 
2-chlorothiophene 130° [132°]; 2,5-dichlorothiophene 170° [172°]; 2- 
acetyl-thiophene^^^ 213*9° [ 202 °]; dithienyl 266° [254°]. Its chemical 
resemblances are equally close; it is as readily chlorinated as benzene, 
more easily sulphonated, and rather less easily nitrated. It can be removed 
from benzene through its more rapid reaction with sulphuric acid (V. 
Meyer) or with mercuric acetate (Dimroth). It reacts like benzene with 
diazoacetic ester.^®® Even the physiological action of drugs Hke cocain and 
atropine is little affected if their phenyl groups are replaced by thienyl.®®® 

The sulphur in a thioether has a marked action on the behaviour of other 
atoms in the molecule. For example, the acidity of a phenol is enormously 
increased by the attachment of a sulphur atom to the benzene ring, as in 

G. M. Bennett and S. Glasstone, J.C.S. 1934, 128. 

L. E. Sutton and G. C. Hampson, Trans. Far. 80 c. 1935, 31» 946. 

R. Kohlhaas and A. Ltitringhaus, Ber. 1939, 72, 897. 
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para-S(CeH 4 011 ) 2 .^^® Another effect which has become only too well 
known is on a chlorine atom attached to carbon. If one of the a-hydrogen 
atoms in diethyl sulphide is replaced by chlorine, as in the dichloride 
(CHa—^CHCl—) 2 S, no special peculiarities are observed except that the 
chlorine is very easily replaced. But if the chlorine atoms are in the 
position, as in (CHgCl—CHg—) 2 S, two effects are produced; firstly, the 
chlorine atom becomes much more difficult to remove, and secondly, the 
substance acquires an intense physiological activity, especially the power 
of raising blisters in contact with the skin. It is of course the well-known 
mustard gas. The a-compound has no vesicating power. This distinction 
runs through all the chloro-thioethers, and the two properties always go 
together. 

The thioethers, like the ethers, form a series of addition compounds, 
often with the same substances, the sulphur being on the whole perhaps 
as good a donor as the oxygen, though it is somewhat limited in its action. 
Comparison is difficult, because the additive powers of the sulphur com¬ 
pounds are for obvious reasons much less thoroughly investigated than 
those of their oxygen analogues. But so far as we know the mercaptans 
form very few addition compounds, only some three being described: 
SbClajEtSH, and TiCl 4 , 1 and 2 EtSH (the last two both red), so that they 
are very different from those of the alcohols. Presumably the same condi¬ 
tions which cause the hydrogen to ionize weaken the donor power of the 
sulphur. 

The addition compounds of the thioethers are numerous. They include 
a remarkable group in which the acceptor atom is carbon. Ingold and 
Jessop^i^ showed that fluorenyI-9-dimethyl-8ulphonium bromide (I) when 
treated with potassium hydroxide loses hydrogen bromide to give a 
neutral product which is monomeric in benzene and must have the 
structure (II): 




CH3. 



This product is dimethyl-sulphonium-9-fluorenylidide; it is one of the rare 
cases where a carbon atom forms a co-ordinate link. The alternative 
structure with a double link 


/ \CH 


3 

3 


is impossible for various reasons, the simplest of which is that the compound 
reacts with dilute hydrobromic acid like a base, taking up the acid and 
regenerating a sulphonium salt (corresponding to I), the carbon atom, 
with the valency group 2, 6 behaving like the nitrogen atom of an amine, 
while the true C===S group (as in carbon disulphide) does not do this; 

C. Lef^vre and C. Desgrez, C,E. 1935, 200, 762. 

C. K. Ingold and J. A. Jessop, J,C,8, 1930, 713. 
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another reason is that the >C=S<( structure would imply a valency 
group of 2 , 8 (inert pair) for the sulphur atom. 

In another small group of co-ordination compounds of the thioethers it 
is nitrogen that acts as acceptor. These are the svlphylimines, which are 
of the type ^ 



formed^^^ by the action of 'chloramine-T’ (the sodium salt of the sulphon- 
chloride) on a thioether. Their whole behaviour supports the —N^S as 
against the —N—S structure. They have been resolved into stable 
antimers.^^®"^’ 

Apart from these, the addition compounds of the thioethers are almost 
confined to a small group of elements in the periodic table,which on the 
whole are those that form the most stable metallic sulphides.^^® These 
compounds are formed by the halides (and with silver by the nitrate) of 
the following elements : 


Ni 

Cu 

Zn 

Pd 

Ag 

Cd 

Pt 

Au 

Hg 


and otherwise only by those of AI, Ti, and Sn, the stannic halides, as usual, 
taking up two molecules of the sulphide; the disulphides AlkgSg can replace 
the thioethers. Thus we have the following derivatives of dimethyl 
thioether CH 3 —S—CHg (== A): 


2 CuCl, A. 
ZnBr^, A. 
Cdlg, A. 
Hglg, A. 


TiCl 4 , EtgS, and 2 Et^S. 
SnCl4, 2 A. 

PdClg, 2 A. 

AgNOg, EtgSg. 

2 AgNOs, (CH2=CH)gS. 


TschugaefiF^^® showed that dithioethers of the type R • S • (CH 2 )^S • R can 
form such compounds unusually easily when n 2, i.e. when a chelate 
5-ring can be formed as in: 


Cl 


CH* 




F. G. Mann and W. J. Pope, J,C,S. 1922, 12i, 1052. 

S. G. Clarke, J. Kenyon, and H. Phillips, ib. 1927, 188. 

For further work on these compounds see L. A. Pink and G. E. Hilbert, J.A.C,S. 
1946, 68, 751. 

*18 P. Pfeiffer, Org. Molekiilverbindungen, ed. 2, 1927, p. 159. 

21 ® See G. T. Morgan and W. Ledbury, J.C,8, 1922, 121, 2882. 

228 L. A. Tschugaeff, Ber. 1908, 41, 2222. 
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Platinum and palladium form a very large number of addition com¬ 
pounds of this type. The thioamides also form many addition compounds 
similar to those of the thioethers. 

A different type of addition products of the thioethers is that of the 
sulphonium compounds, [RjSjX, corresponding to the oxonium salts 
[RgOJX: they are described below, p. 890. 


Metallic Sulphides 

These are sometimes covalent and sometimes ionized. As a rule, apart 
from those of the alkalies and alkaline earths, they are characterized by 
great, and often extreme, insolubility. It is obvious that while the sul¬ 
phides of the non-metals are usually very unlike the oxides, the metallic 
compounds of the two classes show a much greater similarity. So far as 
the latter are ionized, this is of course necessary. 

Britzke and Kaputinsky^^^ have shown that the affinities of the metals 
for sulphur at 1,000° in any given period fall regularly from the first Group 
to the seventh, and in any Group from the lightest element to the heaviest. 

Many sulphides are remarkable for showing not only a metallic glance 
(i.e. a reflection of light as good as that of a metal, 30-70 per cent.), but 
also metallic conduction.^^^-a 'pjyg jg Qf pbS, Fe 7 Sg, FeS 2 (pyrites), 

ZnS, NiS. 

The half derivatives, the hydrosulphides, are known only with the 
alkalies and alkaline earths. Their hydration is very odd: Li, 0; Na, 2 and 
3;K, 1/2.224 

Polysulphides 

Corresponding to each series of sulphides already discussed is a series of 
polysulphides, containing in place of a single sulphur atom a group of 
two, three, or even more. The production of relatively stable compounds 
of this kind is highly characteristic of sulphur, and also raises interesting 
questions of structure, since a covalent compound say AgSg might have 
any of the structures 


A—S—S—S—A, A—S—J—A 

S 



Like the sulphides, the polysulphides may be divided into the hydrogen 
compounds, the alkyl derivatives, and the metallic salts. 


Hydrogen Polysulphides 

If a strong solution of sodium polysulphide, made by dissolving flowers 
of sulphur in sodium sulphide solution, and preferably in the proportions 

221 E. F. Britzke and A. F. Kaputinsky, Z, anorg. Ghem, 1933, 213, 73. 

222 J. G. Kdnigsberger, Z. EUktrochem, 1909, 15, 97. 

228 Pqj. theory see J. Weiss and J. G. Kdnigsberger, Phys. Z. 1909, 10, 956. 
See, however, A. Rule, J,G.S, 1911, 99, 658. 
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Na^Ss, is run into cooled hydrochloric acid, a yellow oil separates, which is 
mainly a solution of sulphur in a mixture of the only isolated polysulphides 
of hydrogen, HgSg and HgSg. They are both unstable, and decompose into 
HgS and sulphur so readily, especially in presence of traces of alkah, that 
the calcium chloride used to dry them, and the apparatus in which they 
are distilled, must be previously treated with gaseous hydrogen chloride,^ 
The two sulphides are then isolated by fractional distillation at low 
pressures. 

Hydrogen Disulphide^ 

Colourless liquid, melting at —89°, and boiling under atmospheric 
pressure at 71°. 

It is miscible with CS 2 , benzene, and ether: it is rapidly decomposed by 
water, alcohol, alkalies, and sulphuric acid, but can be dried with P 2 O 6 * 
It dissolves sulphur, but is not thereb}^ converted into the trisulphide. It 
gives a normal molecular weight by the freezing-point in bromoform.^^** 
Electron diffraction^^^ gives as the most probable structure 


V /H H. 

\S—or 


with the S—S distance 2*05±0-02 A (theory 2-08); this agrees with the 
Raman spectrum,which is just like that of H 2 O 2 . The dipole moment 
in benzene at 25° is 1*17 which on the whole agrees with this struc¬ 
ture assuming free rotation, though it is rather high. 


Hydrogen Trisulphide^ HgSg 

Colourless or pale yellow oil, m. pt. —52°, b. pt. 50°/4 mm. Molecular 
weight normal by freezing-point in benzene and in bromoform. 

In general it is very like the disulphide. It is miscible with ether, ben¬ 
zene, and carbon disulphide. It seems to be rather more stable in the cold 
than the disulphide; like the latter it forms addition compounds with alde¬ 
hydes and ketones, but they are less stable than those of 

These two compounds are highly endothermic, are (according to Abegg, 
Svlphur, p. 275) weak acids, but stronger than hydrogen sulphide, and 
have a genuine resemblance to hydrogen peroxide, e.g. in their method of 
formation, in their sensitiveness to alkali, and in their power of forming 

I. Bloch and F. HChn, Ber. 1908, 41, 1971, 1975. 

R. Sohenck and V. Falcke, ib. 2600 (these seem to be the latest references on 
the trisulphide). 

K. H. Butler and O. Maass, J.A.C,8. 1930, 52, 2184 (disulphide). 

2 *® G. Bruni and A. Borgo, Awi JK, 1909, [v] 18, i. 355. 

D. P. Stevenson and J. Y. Beach, J.A,GB, 1938, 60, 2872. 

F. Feher and M. Baudier, Z. EleJetrochem. 1941, 47, 844. 

C. P. Smyth, G. L. Lewis, A. J. Grossman, and F. B. Jennings, J,A,C,S. 1940, 
62, 1219. 

I. Bloch, F. H6hn, and G. Bugge, J. pr, Ghem. 1910, [ii] 82, 473, 486. 



887 


Organic Polysulphides 

addition compounds, as well as in their spectra. The trisulphide very 
readily loses sulphur on heating to form the disulphide, suggesting that it is 

H—S---S—H 


but the reverse reaction does not take place. 

No hydride of sulphur beyond H 2 S 3 can be isolated in the free state; 
but it is probable that hydrides with more sulphur occur (see p. 890), as 
their salts certainly do. 

Organic Polysulphides^^ 

These are known with 2 , 3, and 4 atoms of sulphur in the molecule 
(Alk 2 S 2 , AlkgSg, Alk 2 S 4 ). In the disulphides the evidence is all in favour of 
a straight chain Aik—S—S—Aik. They are readily reduced to mercap- 
tans: they are converted by alkali metals into the alkaline mercaptides, 
and the reaction with mercury 

Alk 2 S 2 + Hg (Aik—S) 2 Hg 

is even reversible, so that we can hardly doubt that the two alkyls are 
attached to different sulphur atoms. This conclusion is also supported by 
the crystallographic evidence,which gives the structure R—^—S—R 
for diphenyl and dibenzyl disulphides, as well as for the corresponding 
(and isomorphous) selenium compounds; and by the electron diffraction 
of dimethyl disulphide, which indicates the structure CHg—S—S—CH 3 , 
with the distances S—S 2*02 and C—S 1*78 A (theory 2*08, 1*81) and the 
C—S—S angle 107±3°. The dipole moments (e.g. 1*81 D for diphenyldi- 
sulphide)^^ agree with this, if we assume free rotation round the S—S 
line,23i 

With the trisulphides if the chain were branched as in 

Aik—S—S—Aik 

the dipole attraction of the co-ordinate link should cause an abnormal rise 
in the boiling-point as in the organic nitro-compounds. This, however, does 
not occur, as is shown by the boiling-points. 


MegS 

Diff. 

MogSg 

Diff- 

Me,S, 

38° 

78 

116° 

54 

170° 


The linear structure R—S—S—S—^R, which this suggests, is supported 

I. M. Dawson, A. McL. Mathieson, and J. M. Robertson, J.C,S. 1948, 322. 

L. Egartner, F. Halla, and R. Schacherl, Z, phyeikal. Chem. 1932, B 18, 189. 

D. P. Stevenson and J. Y. Beach, J.A,G,S, 1938, 60, 2872. 

E. Bergmann and M. Tchudnowsky, Z, phyaihal, Chem, 1932, B 17, 107. 
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by the results of electron diflfraction,^^® which gives the distances C — S 
1*78, S — S 2*04 A (theory 1*81, 2*08), and the angles C — S—S and S—S—S 
both 104±6®; and further by the X-ray evidence^®^® which indicates 
unbranched sulphur chains up to S 5 in the bisulphonyl trisulphide 


(A 


Aromatic sulphides with as many as 4 sulphur atoms, Ar S 4 Ar, are 
known,*®® These are much less stable than the trisulphides, and readily 
lose sulphur: for example, they are converted by mercury into the disul¬ 
phides : 

Ar-S^-Ar + Hg = Ar*S 2 *Ar + HgS + S. 

This suggests that they may contain a branched chain of sulphur atoms. 
Their boiling-points seem to be unknown. 


Thioaldehydes and Thioketones 


Of the numerous organic sulphur compounds, those which contain 
oxygen or halogens (except carbon oxysulphide, below) are discussed 
later, but the thioaldehydes and thioketones can be dealt with briefly here, 
as well as carbon disulphide and its derivatives. 

The thioaldehydes are remarkable for their strong tendency to poly¬ 
merization, much stronger than that of their oxygen analogues. They are 
scarcely known in the monomeric state; they polymerize at once, mainly to 
cyclic tripolymers, such as trithioformaldehyde (Hofmann's trithiomethy- 
lene, 1868) 



S—CHg' 
S— 




m.pt. 216°, which can be made from formaldehyde, sodium thiosulphate, 
and hydrochloric acid; its ring structure has recently been established by 
X-ray analysis.*®^ 

The aromatic thioaldehydes*®®”® and the thioketones polymerize with 
the same ease. This much greater tendency to polymerization as compared 
with the oxygen compounds is evidence that the strain of the double link 
is much greater in C==S than in C— O, where it is very small. 


Carbon Disulphide 

This is formed (reversibly) when sulphur vapour is passed over red-hot 
charcoal (Lampadius, 1796): it is practically insoluble in water, but 
miscible with benzene, ether, or dry alcohol. It is endothermic (see below) 

J, Donohue and V. Schomaker, J, Chem, Phys* 1948, 16, 92. 

*»• H. Lecher, Ber. 1926, 58, 417. 

N. F. Moerman and E. H. Wiebenga, Z. Krist, 1937, 97, 323. 

J. H. Wood and R. W. Boat, J.A.C.S, 1937, 59, 1011. 

Id*, ib. 172U 



Carbon Oxysulphide^ Monosulphide 889 

and readily burns in air. It boils at 46-2° and melts at — 111 -6°. It catches 
fire in contact with a glass rod heated to 300^^; it is scarcely attacked by 
cold halogens, but is hydrolysed by alkalies in the cold, and by water at 
400-500®, giving carbon dioxide and hydrogen sulphide. 

It has been shown^^o there is no exchange between radioactive 
sulphur and CSg in a sealed tube at 100® in 68 hours; nor does such exchange 
occur with cysteine or thiourea. 

Carbon disulphide is evidence that a multiple link of sulphur to carbon 
is not impossible; but there must be resonance (as with carbon dioxide) 
between the three forms 

S==:C=-S S<-C^S S^C->S. 

The heat of formation of CSg is —22 k.cals. (Bichowsky and Rossini), so 
that the heat of formation from the atoms (H^) is 281 k.cals. per mole. 
The normal value for C=S being 126, the resonance energy per CSg is 
281 — 2 X 126 ™ 29 k.cals., practically the same as in COg. 

Carbon Oxysulphide^ S=C==0 

This compound, discovered by A. Than in 1867, can be made by passing 
carbon monoxide and sulphur vapour through a red-hot tube, or by the 
action of water on carbon disulphide below 400®. The rectilinear structure 
of the molecule has been denied,^^^ but it was established by Eucken.^^®"^ 
It melts at —138*8® and boils at —50*2®; the heat of fusion is 1*13 k.cals./ 
mol. and that of evaporation 4*432, giving a Trouton constant of 19*85.2^^ 

The rate of hydrolysis of carbon oxysulphide in water, in alcohol, and 
in the gas have been examined by H. W. Thompson^^; the last two reac¬ 
tions are much slower than would be expected from the heats of activation. 

Carbon Monosulphide^ CS 

Indications of the formation of this compound from CS 2 under the 
electric discharge and in other ways were obtained by J. Dewar and 
H. O. Jones in 1910, and later by others. 

Kondrateev^^^"^® claims to have made it in the gaseous form by the 
action of the electrical discharge on the vapour of carbon disulphide or a 
mixture of sulphur and paraffin vapour. It is detected by means of its 
absorption spectrum; it lives for about 10 minutes at room temperature, 
and 3 minutes at 100®; the presence of oxygen does not affect its life. 

R. A. Cooley, D. M. Yost, and E. McMillan, J,A.C.S, 1939, 61, 2970. 

J. L. Tuck, J,C.S, 1939, 1292. 

J. Wagner, Z. phyaihal. Chern, 1941, B 48, 309. 

A. Eucken and K. Schafer, ib. 1941, B 51, 60, 126. 

A. Eucken and S. Aybar, ib. 1940, B 46, 195. 

J. D. Kemp and W. F. Giauque, J.A.C.S, 1937, 59, 79. 

H. W. Thompson, C. F. Kearton, and S. A. Lamb, J.C.S, 1935, 1033. 

A. Klemenc and E. Hayek, Z. EUktrochcm. 1930, 36, 722. 

248 K. Mayer and J. P. Wibaut, Rec, Trav. 1937, 56, 359. 

24® V. Kondrateev and E. Magaziner, J, Phys.-Chem. Russ. 1940, 14, 6. 

260 Kondrateev and A. Jakovleva, ib. 853. 
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Metallic Polysulphides 

Numerous inorganic polysulphides are known, of the type or 

where x can have any value up to 5, and in exceptional cases up 
to 9 ((NH 4 ) 2 S 9 , 1/2 HgO). The hydrolysis of the alkaline polysulphides 
diminishes as the number of sulphur atoms increases. H. Mills and P. L. 
Robinson,by treating dry (NH 4 ) 2 S 5 with anhydrous formic acid, were 
able to isolate the acid H 2 S 5 as a thin unstable yellow oil, which could not 
be distilled. For further work, see references ^2"®. 

It is clear that the ions S", S 2 , SJ, S 4 , S 5 exist, of which S" and SJ 
seem to be the most stable, and Sg and S 3 the least. 

Disulphides with a pyrites lattice have the sulphur atoms united in 
pairs, S—S forming a divalent group, so that in iron pyrites FeSg the metal 
is ferrous. The trisulphide BaS 3 has been shown by X-ray analysis^’ to 




Sx 


have an anion of the structure S 
(theory 2*08) and the S—S—S angle 
scarcely be a ‘ perthiosulphate ’ 

8 

t 

S^-S-^S, 


^S, with the S—S distance 2-15 A 
103^. The pentasulphide ion can 


since, if so, its salts would be those of a strong acid, whereas they are 
decomposed by formic acid, and they should readily be convertible into 
sulphates, whereas with lead oxide, for example, they give sulphides with 
separation of sulphur. 

It has been shown^®® that the exchange between polysulphide ions and 
radioactive sulphide ions S '" is practically instantaneous and complete. 


Sulphonium Compounds 

Sulphur, like oxygen, is able to increase its valency by one by losing an 
electron, and so pass into a tricovalent cation [RsS]^, corresponding to the 
oxonium ion [RaO]^, but much more stable. 

The sulphonium iodides are readily formed by the action of the alkyl 
iodides on the thioethers (for the kinetics of this reaction see refs. 
and readily return to these components on distillation. They can also be 
made by the action on a thioether of iodine or hydrogen iodide^®^: 

2 AlkgS -f HI = AlkgSI + Alk-SH 
4 AlkgS + I 2 = 2 AlkaSI -f AlkgSg. 

J,C,S. 1928, 2326. 

T. G. Pearson and P. L. Robinson, ib. 1930, 1473 (Na salts). 

Id., ib. 1931, 413 (Li). Id., ib. 1304 (K). Id., ib, 1983 (Rb). 

P. L. Robinson and W. E. Scott, ib. 1931, 693 (Ca, Ba). 

W. S. Miller and A. J. King, Z. KrisL 1937, 94, 439. 

»* H. H, Voge, J.A,C,S. 1939, 61, 1032. 

J. K. Sirkin and I. T. Gladischev, Acta phys. Cheni. U.R.S,S. 1935, 2, 291. 

N. Hellstrdm, Z. phyaikal. Ghem, 1936, 177, 337. 

G. Carrara, Gaz. 1892, 22, 408. 
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They can also be prepared by treating alkyl halides with sulphur or metallic 
sulphides. This variety of methods of formation is a sign of their great 
stability. Bennett^^^-a has measured the rate of closure of the ring 
Cl ‘ CH 2 (CH 2 )^CH 2 S • Aik to form 


yCH2\ ^ yAlk 
[Cl] 


for rings of 5, 6, and 7 atoms (n = 2, 3, 4) and finds the relative rates of 
reaction to be 


Size of ring 
Rel. rate 


5,700 


6 

75 


The gfcromatic sulphonium compounds such as [(CeH 5 ) 3 S]X (which of 
course cannot be made from the aryl halides) can be got, for example, from 
aromatic hydrocarbons and diaryl sulphoxides ArgS—^O in presence of 
aluminium chloride. 

From these iodides a series of salts can be prepared. They are as a rule 
easily soluble in water, less in alcohol, and not in ether; there is no doubt 
about their salt character. With silver oxide the halides give the hydroxide 
[RgSJOH, which is a strong base^®® and will dissolve aluminium with 
evolution of hydrogen. 2 ®’ It is a hygroscopic solid, which absorbs carbon 
dioxide from the air to give a carbonate. 

The sulphonium compounds are the first by which the optical activity 
of sulphur derivatives was established. Pope and Peachey^®® resolved the 
camphor-sulphonate and the bromocamphor-sulphonate of methyl ethyl 

**^®*'”® CH,\ yCHj-COOH 


)S" 


C,H, 


[X] 


and at the same time Smiles**® resolved the compound 

CH3\ /CH^-CO-CeHs 
C^h/" [X] 

These results were of peculiar interest because it soon became obvious 
that these molecules only have three groups attached to the active centre, 
the fourth being a true ion. The discovery of the optically active sul¬ 
phoxides 


o. M. Bennett, F. Heathcoat, and A. N. Mosses, J,C.S. 1929, 2567. 
G. M. Bennett and E. G. Turner, ib. 1938, 813. 

E. Knoevenagel and J. Kenner, Ber. 1908, 41, 3316. 

C. Courtot and T. Y. Tung, CM. 1933, 197, 1227. 

G. Bredig, Z. physihal. Chem, 1894, 13, 302. 

U. Alvisi, Z. anorg. Chem. 1897, 14, 302, 308. 

W. J. Pope and S. J. Peachey, J.C.S. 1900, 77, 1072. 

S. Smiles, ib. 1174. 
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(see later) made it certain that a 3-covalent sulphur atom could form an 
asymmetric molecule. 

The sulphonium iodides, and even the hydroxides,form addition 
compounds with methyl iodide, having one CHgl for every sulphur atom. 

The addition compounds of the thioethers with the halogens really 
belong to the class of sulphonium salts, as [RgSBrJBr. They are soluble in 
water and almost completely hydrolysed to the sulphoxide RgSO and 
hydrogen bromide. The same is true of the nitrate [RgSOHJNOs. 

NITROGEN SULPHIDES 

Several of these are known, as well as compounds containing in addi¬ 
tion either hydrogen or halogens. Their structures are doubtful. 

Nitrogen Sulphide^ N4S4 

This is formed by the action of sulphur on ammonia in the absence of 
water; the reaction 

10 S + 4 NH 3 = N 4 S 4 + 6 H^S 

is reversible, and hence some sulphide-forming salt such as silver iodide 
must be added to remove the HgS. In the same way it is produced by the 
action of ammonia on thionyl chloride SOCIg or sulphur chloride SgCIg, the 
excess of hydrogen sulphide being in this case removed by interaction with 
the halide. 

Nitrogen sulphide N 4 S 4 forms golden yellow crystals, which turn red on 
heating: they melt at 178®, and can then be distilled, but the compound is 
endothermic and liable to explode, sometimes violently. It is moderately 
soluble in organic solvents. Its molecular weight is N 4 S 4 ^^^ by the melting- 
point in naphthalene and by the boiling-point in carbon disulphide. Its 
dipole moment in benzene solution at the ordinary temperature is 
0.72 D.2’2 

It is only slowly decomposed by water, which does not wet it. It is 
readily hydrolysed by alkali, the equation being*’^®*®°: 

S 4 N 4 + 6 NaOH -f- 3 H^O = NagSgOg -f 2 NagSOj + 4 NH 3 . 

N 4 S 4 behaves in many ways as an unsaturated compound, and forms 
with halogens addition compounds such as 

N4S4a4 N4S4Br4 N4S4Bre 

pale yellow bronze red 

See Chem, Centr. 1898, ii. 624. 

R. Schenck, Ann, 1896, 290, 171. 

N. L. Phalnikar and B. V. Bhide, Current Sci, 1939, 8, 473. 

S. Wosnessensky, J. Buss. Phys.-Chem, Qes, 1927, 59, 221; Chem, Centr, 1927, 
ii. 1680. 

A. Kurtenacker and E. Goldbuch, Z. anorg, Chem. 1927, 166, 177. 

A. Meuwsen, Ber, 1929, 62, 1969. 

M. Goehring, Chem. Ber. 1947, 80, 110. 
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It also reacts in water with lead iodide and with mercuric iodide to give 

respectively^^® PbN 2 S 2 ,NH 3 and HgN 2 S,NH 3 . 

It is quite clear that since decompositions and reductions always give 
ammonia or its derivatives, and never hydrazines or free nitrogen, the 
compound cannot have the nitrogen atoms Unked to one another. Whether 
the sulphur atoms are linked is not so certain; Schenck has, however, 
shown^*^^ that secondary alkylamines convert all the sulphur in N 4 S 4 
into the thiodiamine AlkgN—S—^NAlkg, which shows that the S—S 
links, if any, must be easily broken. The electron diffraction results^’^ 
suggest a structure like that of realgar (V. 1774), a bisphenoid of S 
atoms with a square of 4 N atoms, the distances being N—S 1*62, 
S - S 2-09 (theory N—S 1*74, N=S 1-54, S—S 2-08); the nature of the 
links is uncertain. Meuwsen^’® has shown that the reduction product 
(HNS)a;, got by H. Wobhng^’® by treating N 4 S 4 with SnClg, from its eleva¬ 
tion of the boiling-point of acetone, must be (HNS) 4 . This substance forms 
colourless crystals, stable to air and moisture, which on heating do not 
melt, but begin to change at 100 °, and by 148° are completely decomposed, 
largely it would seem into ammonia and the original sulphide N 4 S 4 . It is 
scarcely soluble except in acetone, piperidine, knd p 3 rridine; it is only 
slowly attacked by acids or alkalies unless they are very concentrated. 
On treatment with concentrated alkali the whole of the nitrogen appears 
as ammonia, which is a further proof of the absence of N—links. 

The first question about this hydride is whether the hydrogen atoms 
are attached to nitrogen or to sulphur. Its resistance to fairly strong 
(even 3 -normal) alkali makes the presence of N—H groups very improbable. 
On the other hand, it gives the Lecher test^^® for S—H, a deep yellow 
colour increasing on standing when it is treated with an alcoholic solution 
of ethyl nitrite. Stronger evidence of S—H groups is its giving with 
formaldehyde white crystals of (NS CH 20 H) 4 . (The molecular weight 
was determined cryoscopically in benzene.) The analogy of many imino- 
compounds shows that if the hydrogen was on the nitrogen in (HSN )4 it 
must give with formaldehyde SN CHg-NS or a polymer, just as diethyl- 
amine with formaldehyde gives Et 2 N CH 2 NEt 2 . If there are four S—H 
groups, and no N—links, the only probable formula for (HSN )4 would 
seem to be the following, which is that proposed by Meuwsen, except that 
co-ordinate links are written instead of double links: 


H H 

XX 

>■ 


O. Ruff and E. Geisel, ib. 1904, 37, 1573. 

C. S. Lu and J. Donohue, J,A,C,S, 1944, 66, 818. 
H. Wobling, Z, anorg. Chem. 1908, 57, 287. 

H. Lecher and W. Siefken, Ber. 1926, 59, 2600. 
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An allied substance is {SN Et) 4 , made by Stieglitz^s® from SClg and 
Et-NHg, and found to have the right molecular weight; Meuwsen*®^ has 
shown that this ethyl compound hydrolyses to give Et -NHg. 

When N 4 S 4 is heated with SgClg in carbon tetrachloride it forms ‘thio- 
trithiazyl chloride’ [N 3 S 4 ]C 1 ,^®^~^ by the reaction 

3 S 4 N 4 + 2 S 2 CI 2 = 4 [N 3 S 4 ]a. 

With pure and dry materials a 90 per cent, yield can be got. This sub¬ 
stance is undoubtedly a salt, and other salts can be made from it. 

[N 3 S 4 ]C 1 is a bright yellow powder, which is sternutatory. It is very 
stable in dry air, but explodes on heating. It is quite insoluble in many 
organic solvents (as CCI4, CSg, and ether) even on heating; others, such 
as chloroform, benzene, and acetone, decompose it. 

This substance is only one of a series of similar derivatives which 
Meuwsen describes. Other sulphides of nitrogen are known, such as N 2 S 5 , 
formed when N 4 S 4 is heated in solvents. It is a deep red oil, freezing at 
+ 11 ° to a grey crystalline solid. It is rather less stable than N 4 S 4 . 

Of the other S—compounds the thiocyanic derivatives have already 
been dealt with under nitrogen (V. 674). The oxy-acids of sulphur, both 
the simple forms and their organic derivatives, yield amides, imides, etc. 
in the usual way. The amino-derivatives of sulphuric acid are of interest. 
All the three hydrogen atoms in ammonia can be successively replaced by 
SO 3 groups, giving the salts M[H 2 N • SO 3 ], M 2 [HN(S 03 ) 2 ], and M 3 [N(S 03 ) 3 ]. 
Some of these were discovered by Claus and Koch in 1869 and later 
examined by Divers and Haga in 1896. The crystal structure of the 
sulphamate K[H 2 N-S 03 ] has been determined by Brown and Cox,^®^ 
who found that it has an almost tetrahedral anion with no hydrogen 
bridges between NHg groups; they get the distances S—0 1*44 (theory 
S—O 1-70, S=0 1-49) and N—S 1*57 (theory N—S 1-74, N=S 1*54 A.). 

The salt K 3 [N(S 03 ) 3 ] (potassium ‘nitrilo-sulphite’) is made^®® by 
heating potassium hydrogen sulphite with potassium nitrite. It is only 
slightly soluble in water, and is rapidly hydrolysed to the imido-disulpho- 
nate K 2 [HN(R 03 ) 2 ], which then goes slowly to the sulphamate K[H 2 N • SO 3 ]. 

SULPHUR AND OXYGEN 

Six oxides of sulphur have been described, SO, SgOg, SOg, SO3, S2O7, and 
SO4, of which S2O7 is doubtful. 

Sulphur Monoxide S =0 

This oxide, which has often been assumed to occur as an intermediate 
product in the formation of the oxy-acids of sulphur, was first detected 
2*0 F. Lengfeld and J. StiegUtz, Ber, 1895, 28, 2742. 

A. Meuwsen, ib. 1931, 64, 2301. 

E. A. Demarcay, C.R. 1880, 91, 1066. 

2 ®* A. Meuwsen, Ber. 1932, 65, 1724. 

W. Muthmann and E. Seittor, ib. 1897, 30, 627. 

2®» C. J. Brown and E. G. Cox, J.C.S. 1940, 1. 

*«• H. Sisler and L. F. Audrieth, J.A.C.S. 1938, 60, 1947. 
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Sulphur Monoxide 

spectroscopically by Victor Henri, 2 ®’ but its preparation in quantity and 
the determination of its properties are almost wholly the work of Schenk 
and his pupils. 

Sulphur monoxide can be made by the action of the electric discharge 
on (1) sulphur dioxide, or (2) a mixture of the dioxide and sulphur, (3) by 
the regulated combustion of sulphur in oxygen, or (4) by the action of 
heat, or of certain metals, especially silver, on thionyl chloride SOClg. 
Method (1)287-8.302 gjy^ good yield if it is used in an appropriate 
apparatus.^®® Method (2) gives at 150-200® almost pure SO; the thermal 
reaction of S on SO 2 gives very little, even at high temperatures.®®®*®®® 
By the third method (S+Og) at 10 mm. a mixture with 40 per cent. SO 
is said to be obtainable.^®® (4) Sulphur monoxide is also formed, but in 
very small quantity, by the action on thionyl chloride of metals which 
have a greater affinity for chlorine than for oxygen, especially silver; 
smaller yields are given by sodium, tin, and antimony; other metals 
reduce the chloride to chlorides of sulphur^®® (for the action of ammonia 
see ref. ®®®). Heat alone will cause dissociation of SOClg into SO and 
chlorine, as the spectra show.®®^ 

There are several reactions in which sulphur monoxide has been assumed 
to be formed but cannot in fact be detected; an example is the decomposi¬ 
tion of hyposulphite and thiosulphate.®®’ Another is the formation of 
pentathionate from HgS-f SOg,^®® where Raschig assumed two reactions 
to occur: 

H2S -f- SO2 ” H2O S -|- SO; 

5 SO + H2O - HgSsOe. 


It can, however, be shown that the reaction of sulphur monoxide with 
water is too slow to account for its observed absence from the gas; hence 

V. Henri and H. Wolff, J. Phys. Radium^ 1929, [vi] 10, 81. 

288 p ^ Schenk, Z. anorg. Chem, 1933, 211, 150. 

H. Cordes and P. W. Schenk, Z. Elektrochem, 1933, 39, 694. 

E. Kondrateeva and V. Kondrateev, J. phys. Chem. Russ, 1944, 18, 102. 
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the mechanism assumed by Foerster^®® and Hansen,in which SO takes 
no part, is more probable. Again it was supposed^^^ that SO is formed in 
the decomposition of the sesquioxide SgOg (see below, p. 900), but the 
gas over the decomposing solid gave no trace of the spectrum of SO. 

The very characteristic spectrum by which sulphur monoxide was first 
detected has been said^*^^ to be that of an unstable Sg molecule, but this 
cannot be so, since it is only observed when oxygen is present.®®^ 


Properties of Sulphur Monoxide 

These have a certain resemblance to those of a free radical like methyl. 
But the SO molecule has a much longer life; at pressures in the neighbour¬ 
hood of 1 mm. and in well cleaned and dried vessels the gas persists for 
days in the cold with only slight decomposition.After heating for 
5 minutes to 100°, or 1 minute to 180° some still remains. But if it is 
concentrated, either by compressing the gas above a few mm., or by 
freezing it out with liquid air, it at once polymerizes irreversibly, giving 
an orange solid which has the composition of about and on heating 

to 100° gives off all its oxygen as SO and SOg, leaving sulphur behind. 
There seem to be several polymerization products; a liquid polymer^®®"® 
has a molecular weight of 700-900 in CCI4, and reacts with chlorine to 
give SOClg, so it must contain SO groups; it is probably a mixture of 
highly polymerized oxides. 

Sulphur monoxide is not affected by dry oxygen or sulphur dioxide,®®^ 
but it is very sensitive to catalysts, especially traces of moisture, and it 
reacts at once with metallic mercury, iron, or copper. Its reaction with 
water has been examined with care.^®^"® It seems that the solid polymer 
at once gives thiosulphuric acid, whence it has been supposed to be the 


anhydride of this, S-<—S<^^. When the gas (with nitrogen as carrier) is 

passed into water or alkali it gives sulphurous acid, HgS, and (with alkali 
but not with water) thiosulphuric acid. With alcoholic potash, nothing is 
formed but sulphide and sulphite in the proportions required by the 
equation 

3 SO + HgO = 2 SOg + HgS. 


Soper has shown that in sulphuric acid solution both nitrous and nitric 
acids are reduced irreversibly by sulphur monoxide to nitrogen. 

The very peculiar properties of this substance are clearly due to the 
instability of the double bond with sulphur. The 8=0 molecule is half-way 
between 0=0, which is stable up to very high temperatures, and S=S, 
which below 800° C. goes over spontaneously into the singly linked (as we 
know from the distances) polymeric Sg. The observations of Schenk would 

30ft Foerster and A. Homig, Z. anorg, Ckem, 1922, 125, 86. 

C. J. Hansen, Ber. 1933, 66, 1000. 

L. Wdhler and O. Wegwitz, Z. cmorg, Ckem. 1933, 213, 129. 

C. J. Wilkins and F. G. Soper, J.C.S. 1939, 600. 
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seem to indicate that in the gas there is a reversible polymerization to a 
low, probably a double, polymer SgOg: this must be reversible, since there 
is no evidence that the gas is completely polymerized on standing at the 
ordinary temperature.®^® On the other hand, when the gas is frozen out, 
it is clear that an irreversible polymerization occurs. 

Sulphur Dioxide 

Sulphur dioxide is a colourless gas, melting at -~75'5® and boiling at 
— 10*02°®!^ (the values given by Faraday in 1845 were: m.pt. — 76*1°, 
b.pt. —10°). The liquid is practically a non-conductor (specific conduc¬ 
tivity at 0° between 1 and 0*5 x 10 “’, according to Walden and Centner- 
szwer (1902), Dutoit (1909), Franklin (1911), Bruner and Galecki (1913)). 
Other physical properties are given below, p. 898; they indicate, as does 
the relatively high boiling-point (compare SFe, subliming point under 
1 atm. —64°), that in the liquid there is considerable intermolecular 
attraction, but they give no sign of actual association. 

The finite dipole moment (1*61 D) of the gaseous molecule shows that 

yO 

it cannot be linear, but must have the structure suggested by 

Langmuir in 1919,®^® and with resonance between the two states. This 
is confirmed by electron diiffraction,®^® which gives the S—0 distance as 
1*43 A (theory S— 0 1*70, S==0 1*49: the shortening is much greater here 
than in ozone, where we have (p. 861) 0—0 obs. 1*29, theory 0—0 1*32, 
0—0 1*10); the angle is found to be 120±5°, in good agreement with the 
value 121 ±5° derived from the spectrum and the entropy. 

This structure is entirely in accordance with the intense absorption 
band in the ultra-violet (like that of ozone), and with the properties of 
the dioxide, which are those of a donor, as in the very similar nitro-group. 


the S=0 double link which is so unstable in the monoxide S=0 is here 
stabilized by the resonance.®^’ 

Sulphur Dioxide as a Solvent 

Liquid sulphur dioxide is an excellent solvent for a great variety of 
substances, as has been shown especially by Walden (see in particular 
P. Walden and M. Centnerszwer)®^®-^® and recently by Jander and his 

818 ^ Schenk, Z. phyaikal. Chem, 1942, B 52, 295. 

314 Y, Giauque and C. C. Stephenson, J,A.C.S. 1938, 60, 1389. 
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G. M. Phillips, J. S. Hunter, and L. E. Sutton, J,C.S. 1945, 146. 
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30, 145. 
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collaborators).®^*^® It will dissolve both organic and inorganic substances, 
and gives conducting solutions not only of salts and acids, but also of 
various covalent molecules such as chlorine, bromine, antimony penta- 
chloride, and acetyl chloride and bromide. With amines it forms (at least 
in solution) addition compounds such as EtgN-^SOg (monomeric and 
slightly ionized in the SOg solution).®®®® Jander®®® gives a comparison of 
the physical properties of sulphur dioxide with those of ammonia and 
water; the most important of these (supplemented by values from Giauque 
and Stephenson®^^) are as follows: 



NH, 

HjO 

SO, 

Mol. wt. .... 

17 

18 

64 

Mol. vol./b.pt. 

26 

19 

44 

M. pt. 

-77-7'" 

0" . 

-76*6'' 

B. pt. 

-33*4° 

-f lOO'^ 

-10*02^ 

Grit. temp. . . . . j 

]32-6° 

374 1° 

157-6” 

Ht. of evapn. 

5*60 k.cals. 

9-65 

5*96 

Trouton .... 

23-4 

26-9 

22*7 

Sp. cond’', Ohm~^ at m. pt. . 

6x10-2 

60x10-* 

80 X 10“2 

Diel. const. 

22/-34° 

siz+is" 

1 13*6/4-16° 

Dip. mom., gas 

1*48 

1-84 

1*61 D 


Liquid SOg is partially miscible with water; at 22 ^®®® 10 g. SOg will 
dissolve 2*3 g. water, and 100 g. v/ater 49*1 g. SOg; at 0° a crystalline 
solid SOgjHgO separates, which decomposes at 12 ® and may be 

/O—H 
0<-S( 

\0—H 

Liquid SOg is completely miscibie with benzene,®®^ but only partially with 
paraffins and some cyclic hydrocarbons, having the critical solution tem¬ 
peratures®®^ (with normal paraffins) C 5 H 12 + 2 ®; CigHge 47®; cyclohexane 
12®; hexahydromesitylene 30-5®. 

Salts are as a rule less soluble in SOg than in water; thus the solubilities 
in g. per 100 g. solvent of the alkaline sulphites in SOg at 0 ®, with the 
corresponding values for the hydroxides in water at 26®, are: 


in 

SO, 

Li,S 03 

NaaSO, 

KjSO, 

RbjSO, 

CSgSO; 

at 

0 ° 


0*026 

0*035 

0*040 

0*047 

in 

HgO 

LiOH 

NaOH 

KOH 

RbOH 

CsOH 

at 

26° 

12*8 

114*1 

118 

174*7 

288 


The order is the same for both (as it is for other weak acid salts in water). 
The solubilities of most salts are from 10"® to 10 "® molar; exceptions are 
potassium bromide 2*81/100 at 0® (= 0*34 molar) and still more potassium 

*20 G. Jander and K. Wickert, Z. physikaL Ghent. 1936, 178, 67. 

*21 Id,, Ber. 1937, 70, 261. 

*22 G. Jander and D. Ullmann, Z, anorg. Ghent. 1937, 230, 406. 

»»» G. Jander, H. KnGll, and H. Immig, ib. 1937, 232, 229. 

22 * G. Jander and H. Ruppolt, Z. physihal. Ghent. 1937, 179, 43. 
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iodide (41-3 = 3-56 molar at 0 °); iodides of the type MI are as a rule very 
soluble; molecular weight determinations by rise of boiling-point®^® showed 
that non-electrolytes, including the thionyl hahdes, are monomeric; 
electrolytes, especially thiocyanates, are more or less dissociated; binary 
electrolytes are shown by their conductivities to be much less dissociated 
than in water (the D.E.C. is only one-sixth) and to reach the limiting 
value of 2 for van’t Hoff’s i only at high dilution; the limiting mobihties 
are additive. 

Many reactions can be carried out in sulphur dioxide solution. It is not 
exactly a reducing agent, as halogens can be recovered from it unchanged, 
and potassium iodide can be oxidized in it by ferric chloride with separa¬ 
tion of iodine ; aluminium sulphite is amphoteric in SO^ as aluminium 
hydroxide is in water. 

The exact nature of the ions in sulphur dioxide solution is by no means 
certain, and the relation between the conductivity and the degree of 
dissociation of the solute as measured by the freezing- and boiling-point 
is often comphcated and obscure. It is, however, clear that the ionizing 
power depends, as it always does, not merely on the rather high dielectric 
constant (13-5 at 15°) of the liquid, but also on its power of solvating the 
ions: an exceptionally good ionizing solvent must always have an excep¬ 
tional power of solvation. 

This is confirmed by the large number of addition compounds of sulphur 
dioxide that have been isolated, both with salts®^®»®^^’®^^'®®®“® and with 
organic substances.®®-"^’®®®*®^®"^ The triphenylmethyl hahdes, which are 
themselves colourless, give coloured and conducting solutions in SOg, and 
with some of them, such as tri(diphenyl)methy] chloride, a sohd compound, 
in this case ( 0 -C 6 H 4 ) 3 C Cl, 4 SOg, is formed.®®’ With salts the tendency 
to form sohd solvates is greater the more soluble the salts (as with hydrates 
in water); most of the known solvates (see ref. ®^®) are formed by the 
iodides, and a few by thiocyanates; they range in colour from yellow or 
brown to bright red, and in composition from 2 A, SOg to A, 6 SOg. The 

G. Jander and H. Immig, Z. anorg, Chem. 1937, 233, 295. 

G. Jander, Naturwiaa. 1938, 26, 779. 

G. Jander and H. Mesech, Z. phyaikal, Chem. 1938, 183, 121. 

Id., ib. 255. 329 ib. 277. 

32»® L. C. Bateman, E. D. Hughes, and C. K. Ingold, J.C7.*?:-1944, 243. 

330 Wickert, Z. anorg, Chem. 1938, 239, 89. 

331 R. T. Leslie, J. Rea. Nat. Bur. Stand. 1934, 13, 589. 

332 A. E. Hill and T. B. Fitzgerald, J.A.C.S. 1935, 57, 250. 

333 jj Foote and J. Fleischer, ib. 1934, 56, 870. 

334 Y. Seyer and E. G. King, ib. 1933, 55, 3140. 

336 A. B. Burg, ib. 1943, 65, 1629. 

336 Y. Albertson and W. C. Fernelius, ib. 1687. 

7 W. Schlenk, T. Weickel, and A. Herzenstein, Ann. 1910, 372, 10. 
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340 F. J. Glavis, L. L. Ryden, and C. S. Marvel, J.A.C.S. 1937, 59, 707. 

341 G. H. Locket, J.C.S. 1932, 1501. 
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organic solvates are mostly formed by amines®*® or by unsaturated or 
aromatic hydrocarbons, and a few also by ketones. 

The reaction of hydrogen sulphide with sulphur dioxide to form sul« 
phur®^® occurs very rapidly in water, alcohols, ketones, and amines, but 
very slowly in hydrocarbons and their halides, mercaptans, and thioethers; 
it seems to depend on the formation by the HgS of an S—H- -X bridge. 

Sulphur SesquioxidCy SgOg 

Powdered sulphur reacts with liquid sulphur trioxide with some violence 
to give a blue-green solid. This was supposed by its discoverer Stein®^® to 
be a solid solution of sulphur in the trioxide; but Weber®^^ recognized that 
it was a new oxide of sulphur of the composition S 2 O 3 . This conclusion 
was confirmed by Vogel and Partington®^® and further by W5hler and 
Wegwitz,®^® who, however, corrected some of Vogel and Partington’s con¬ 
clusions as to its reactions. 

It is prepared by adding finely pqwdered pure dry sulphur to freshly 
distilled SO 3 , which must be quite free from water (i.e. from H 2 SO 4 ) so 
that it remains in the volatile form. The sesquioxide is then quite insoluble 
in the excess of SO 3 , part of which can be poured off and the rest removed 
in a stream of CO 2 at 40°. In presence of sulphuric acid, however, it 
dissolves to form a greenish solution. 

The sesquioxide is a blue-green solid, which decomposes by itself at the 
ordinary temperature, slowly at 15°, but more rapidly on warming, to 
give three products, elementary sulphur, SO 2 and SO 3 . Schenk has 
shown®®® that in its dry decomposition sulphur monoxide is not formed, 
as it was thought to be. There is no solvent in which it dissolves without 
reaction. With sodium methylate, ethylate, or hydroxide it is decomposed 
to give (not, as was thought®^® the sulphoxylate Na 2 S 02 , but) mixtures 
in varying proportions of free sulphur, and sodium sulphate, thiosulphate, 
and trithionate. 

The non-volatility of the sesquioxide shows that it must be highly poly¬ 
merized, but we have no evidence on which to base a structure. 

Sulphur Trioxide^ SO^ 

Sulphur trioxide can be made in various ways; by the distillation of 
ferrous sulphate or of fuming sulphuric acid; by the action of light or an 
electric discharge on sulphur dioxide, or more often on a mixture of the 
dioxide and oxygen; the latter reaction can also be brought about by 
catalysts, especially platinum, as in the contact process for making sul¬ 
phuric acid. 

N. F. Albertson and J. P. McReynolds, J.A.C.iS. 1943, 65, 1690. 

W. Stein, J. prakt, Chem. 1873, ii. 6, 178. 

R. Weber, Pogg. Ann, 1875, 156, 631. 

A. I. Vogel and J. R. Partington, J,C.S. 1926, 127, 1614. 

L. Wohler and O. Wegwitz, Z, anorg. Chem, 1933, 213, 129. 
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The physical behaviour of sulphur trioxide is very complicated, and even 
now, after a great deal of investigation, is not fully understood.^®^ 

It is very volatile; its vapour is monomeric^^® and the dipole moment (as 
measured in the gas from 80° to 160° C.) is zero,^®^ so that the molecule 
must be planar; this conclusion is supported by the Raman spectrum®®^ ; 
at lower temperatures the vapour seems to polymerize to some extent.^^^ 
On cooling, the vapour condenses to a liquid which boils at 44*5° C. The 
heat of evaporation is 10*2 k.cals.®^®'^^^"^, which makes the Trouton con¬ 
stant 32-1; at it freezes to large ice-like crystals, known as the 

a-form. Ordinarily the liquid soon deposits a felted mass of long feathery 
crystals (or apparent crystals), and ultimately goes over into this famihar 
form (the jS-form) completely; this change, however, only occurs if the 
liquid contains a trace of water (or H 2 SO 4 ): it can be prevented (certainly 
for weeks) by adding phosphorus pentoxide, or even by distilling the 
trioxide alone, when the acid is left behind. One molecule of water is able 
to polymerize at least several thousand molecules of SOg.^^® 

The liquid from which the a-form crystallizes, which is also produced 
slowly by heating the other forms, must itself be complex. It has the 
abnormally high coefficient of expansion with temperature of 1/448 per 
degree (more than half that of gas) which suggests an internal equilibrium 
much affected by temperature. This is confirmed by the parachor,®^®*®^^ 


^0 

which rises from 100*3 at 19*0° to 111*3 at 78° (calculated for 

129*0). The enormous value (32*1) of the Trouton constant indicates high 
polymerization. The strongest evidence is the unique behaviour of the 
vapour pressure on freezing (Le Blanc,Smits®^®). The results vary 
slightly, but Le Blanc's mean values were these. At 20 ° the vapour 
pressure of the liquid was 185 mm., and it fell in the usual way to 133*6 mm. 
at 13*9°; the liquid (m.pt. 16*7°) then froze, and the pressure rose quickly 
to 175*3 mm,, and stayed there for 30 minutes. In another experiment 
it was 128*5 mm. at 13*9°; the liquid froze and its temperature rose to 
16*7°; after cooling to 13*9° again the pressure was 149*1 mm. .Smits got 


H. Giran, C,E. 1913, 157, 221. 

A. Berthoud, Helv, Ghim. Acto, 1922, 5, 513. 

M. Le Blanc and C. Riilile, Ber. Sachs. Akad. Wiss. 1922, 74, 106, 

A. Smits and P. Schoenmaker, J.C.S. 1924, 125, 2554; 1926, 1108, 1603. 

R. Grau and W, A. Roth, Z. anorg. Chem. 1930, 188, 173. 

A. Smits, N. F. Moorman, and J. C. Pathuis, Z. physikal. Chem. 1937, B 35, 

60. 

®®® For the thermodynamic properties of the vapour see W. H, Stockmayer, 
G. M. Kavanagh, and H. S. Mickley, J. Chem. Phys. 1944, 12, 408. 

®®^ H. Gerding, W, J. Nijveld, and G. J. Muller, Z. physikal. Chem. 1937, B 35,193. 
355 p Baumgarten (Angew. Chem. 1942, 55, 115) has a lecture on SOj. 

D. M. Lichty, J.A.C.S. 1912, 34, 1440. 

®®’ H. Gerding and J. Lecomte, Nature, 1938, 142, 718. 

®^» H. H. Voge, J.A.C.S. 1939, 61, 1032. 

A. N. Campbell and N. O. Smith, Trans, Far, Soc. 1937, 33, 545. 
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the same eflfect from the side of the solid; its vapour pressure just below 
the melting-point was always higher than that of the liquid just above 
that point. The only possible explanation seems to be that the liquid 
consists of (at least) two forms A and B, whose interconversion is slow, 
the more volatile A having the lower freezing-point. The supercooled 
liquid has a vapour pressure mainly due to A, but reduced by the solute B. 
On freezing, it is chiefly B that separates, and the residual liquid, being A 
with less B in it, has a higher vapour pressure. Smits’s results would seem 
to imply that the solid on complete solidification is a eutectic mixture. 

The feathery ^-form if warmed to any temperature above 29*7° is 
converted in a few hours into an apparently clear liquid, but this mainly 
consists of a doubly refracting jelly, from which more liquid can be 
squeezed out by violent shaking, and which slowly diminishes on heating 
to higher temperatures. This third or y-form was discovered by Giran.^^’^ 
If the a- with traces of H 2 SO 4 , or the ^-form, is kept in a sealed tube at 
temperatures below 29*7°, the ultimate product from the a- (as from the jS-) 
is the jS-form. But at any temperature above 29*7° it is a mixture of the 
liquid and the jelly, so that the jS-form may be said to melt sharply at 29*7° 
if it is given time enough (nearly all the changes of SO 3 seem to be slow). 

Thus we have three solid forms, of which certainly the y- and probably 
the j8- are colloidal and so mixtures of forms, while the liquid and perhaps 
the solid cx- must contain at least two modifications. 

Little can be said of their structures. For a simple SO 3 molecule, such 
as we probably^®^’^^'^ have in the vapour, three are possible: 


0==S 


O^S 


.0 


\ 


o=s: 




o 


0 


Valency Group 


10 


12 


All these are permissible, and the actual state will be a resonance hybrid 
of all three, the first two having resonance also between the double and the 
single bonds. In the absence of evidence the structures of the various 
polymers is unknown; the strong tendency to polymerize is a sign of the 
instability of the S=0 double link. There is a certain similarity, especially 
in the physical nature of the polymers, betw een sulphur trioxide and 
formaldehyde. 

Sulphur trioxide is reasonably stable to heat, but is broken up into the 
dioxide and oxygen on passing through a red-hot tube. Voge^^® has shown 
by the use of radioactive sulphur that the trioxide and the dioxide begin 
to exchange sulphur at about 300°, where presumably the trioxide begins 
to dissociate. 

Chemically sulphur trioxide is a powerful oxidizing agent, particularly 
at high temperatures. It will oxidize hydrogen bromide, phosphorus, and 
many metals, especially iron and zinc. It takes up water with great energy 
(21*3 k.cals.), and a drop of water acts on the solid explosively. The 
solution of sulphur trioxide in sulphuric acid is known as fuming sulphuric 
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acid or oleum (see below). The trioxide combines with hydrogen chloride 
to give chlorosulphonic acid HSO3CI. With organic compounds it readily 
forms sulphonic derivatives; with aromatic hydrocarbons, especially in 
presence of sulphuric acid, it gives mono* and poly-sulphonic acids. With 
alcohol it forms ‘carbyl sulphate’,®*® which is 

CH 2 —O—S02\ 

1 >0, 

CH2- so/ 

the anhydride of ethionic acid. 

Sulphur Heptoxide, SgOy 

This was first obtained by Berthelot®*^ by the action of the electric 
discharge on a mixture of oxygen or ozone with sulphur di* or trioxide; 
its existence was later confirmed by Meyer, Bailleul, and Henkel.®*® It is 
a non-volatile white crystalline deposit, which on exposure to moist air 
soon explodes. The analyses varied from SO3, 804(8207) to 8O3, 2 8O4 
(S3O11); they think it is a mixture of SO3 and SO4, but it has since been 
shown (see below) that SO4 evolves oxygen at + 3 '^. The chemical indivi* 
duality of S2O7 is thus doubtful. The method of formation (in which the 
effective reaction seems to be between the trioxide and ozone) and many 
of the reactions point to its having a peroxide —O—O— group; but 
otherwise its structure is unknown. 

Sulphur Tetroxide^ SO 4 

This was made by 8chwarz and Achenbach®*® by the same method as 
the heptoxide, but with excess of oxygen mixed with the SO2 and SO 3, 
and a longer exposure to the discharge. It can also be made®*^ as a 75 per 
cent, gaseous mixture with SO3, by passing SO2+O2 through an ozonizer. 
It is®*® a white solid of the composition SO4 and on heating melts at + 3 ®, 
evolving oxygen and leaving a liquid of the composition 8307; in water 
it is a powerful oxidizing agent, converting divalent to heptavalent 
manganese, and aniline to nitrobenzene. The aqueous solution slowly 
evolves oxygen, but gives no reactions for hydrogen peroxide, and 
so cannot contain the monoperacid (Caro’s acid) H2SO5; hence the 
tetroxide is not the anhydride of this acid. According to Fichter and 
Maritz®** if dissolved in alkali it gives the salt of the acid H2S20g. Except 
that it must contain a peroxide group — O—O — its structure is un¬ 
known. 

R. Hiibner, Ann, 1884, 223, 210. 

M. Berthelot, Ann, Ghim, Phys, 1878, [5] 14, 345; C,R, 1880, 90, 269, 331; 
1891, 112, 1418. 

F. Meyer, G. Bailleul, and G. Henkel, Ber. 1922, 55, 2923. 

R. Schwarz and H. Achenbach, Z, anorg, Chem, 1934, 219, 271. 

8«4 p Fichter and A. Maritz, Hdv, Chim, Acta, 1939, 22, 792. 
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OXY-ACIDS OF SULPHUR AND THEIR 
ORGANIC DERIVATIVES 

There are at least twelve oxy-acids of sulphur, besides condensed forms 
like pyrosulphuric H 2 S 2 O 7 . The simplest method of classification is to 
regard them as derived from three substances, (A) the compound S(OH)a 
(Sulphoxylic acid) and the products of its co-ordination with (B) one and 
(C) two oxygen atoms. We thus get 


(A) 1 . Sulphoxylic acid 


/O—H 


No- 


-H 


(B) 2. Sulphurous acid 


/O—H 


0 ^: 


\o-.- 


H 


The condensation of these two gives us 

S--0—H 

i , 

o^-i—0 

Sulphurous acid also forms 


3. Hydrosulphurous acid 


4. Thiosulphurous acid 

(C) 5. Sulphuric acid 
giving rise to 

6 . Thiosulphuric acid 


H 
S—H 




\0—H 
Ok ^O-H 

0 *^ \o— h’ 

Ok ^S-H 

o*^\o— h’ 


7, 8 , 9, 10, and possibly 11: the thionic acids HaSy^Oe, where n 
and perhaps 6 . These may be provisionally formulated as 

H-0\ .0 O. XO-H 

O^^^Sn'^^0 ’ 

with a: = 0, 1, 2, 3, and probably 4. 

Finally, we have the two per-acids, with an 0—0 link, 


2, 3, 4, 5, 


(12) Caro’s acid 


H—O^ '^O’ 


or HjSOj, and sulphodiperacid H^S^Os, which may be written 
H—0\ xO 0^ /O—H 
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Sulphoxylic Acid 

Sulphoxylic Acid, H —0 —S—O—H 

This might be expected to be a very stable molecule, but it is in fact 
very unstable, and is known only in the form of a singlo^®^ salt, the 
cobaltous, together with a peculiar ester-salt and its esters. 

The only known salt, cobaltous sulphoxylate Co[0—S—0], is made^®® 
by treating sodium hydrosulphite solution Na 2 S 204 with cobaltous acetate, 
and adding excess of ammonia, when the acid is broken up into a sulphite 
and sulphoxylate—^the best proof of the structure of hydrosulphurous acid 
(see p. 907)^—^thus: 

C0S2O4 + 2 NH4OH - C0SO2 + H2O + (NH^lgSOg. 

On saturating the solution with carbon dioxide a brown precipitate is 
formed, which is shown by determination of the cobalt, the sulphur, and 
the reducing power, to be cobalt sulphoxylate C 0 SO 2 . Attempts to form 
the salts of other heavy metals failed. When Na 2 S was added to the 
cobaltous solution, the cobalt was all precipitated as sulphide, but the 
resulting solution had no reducing power: it was shown to contain thio¬ 
sulphate, obviously formed by the reaction 

2 Na2S02 + H2O = NagSgOa + 2 NaOH. 

When the CoSOg solution is boiled it gives CoS, S, SOg, and SO 3 , 

This salt cannot be the hydrosulphite of univalent cobalt C 02 S 2 O 4 , since 
on treatment with concentrated acids it at once gives cobaltous salts 
without any evolution of hydrogen, and also when treated in solution 
v/ith hydrochloric acid it at once gives a precipitate of cobalt sulphide 
CoS, whereas the mixture of CoAcg and Na 2 S 204 which has not been 
treated with ammonia (i.e. which is still the undecomposed hydrosulphite) 
gives with hydrochloric acid no cobalt sulphide but only a precipitate of 
free sulphur. 

An aldehyde derivative, which is properly an ester-salt, is formed^®® by 
the action of formaldehyde and alkah on a hydrosulphite: 

/S—O-Na /H CH2O /OH /OH 

o( + o( + H2C( -f H2C( 

\SO—O-Na \h CH2O ^OSO.Na ^OSOg-Na 

(giving oxymethyl sulphoxylate and oxymethyl sulphite). This sodium 
salt is known as Rongalite, and is used commercially in dyeing to reduce 
the dyes to their soluble leuco-compounds, which are then reoxidized on 
the fibre. 

The sulphoxylic esters can be made®®^ by the catalytic decomposition 
with sodium ethylate of the symmetrical esters of thiosulphurous acid 

366 supposed alkaline sulphoxylates (I. A. Vogel and J. R. Partington, J.d. 
1925, 127, 1514) have been shown not to exist. 

R. Scholder and G. Denk, Z. anorg. Chem. 1935, 222, 17. 

A. Meuwsen and H. Gebhardt, Ber. 1936, 69, 937. 

K. Reinking, E. Dehnel, and H. Labhardt, ib. 1905, 38, 1069. 
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(p, 912), such as Et—0—S—S—O—^Et; the reaction presumably goes in 
two stages: 

R—O—S—S—0—R k_o_s_0~-R 

+ Na O—R ^ + R—O— S Na - > R— O Na + S. 

This ethyl ester boils at 35732 mm., and at 1177733 mm. It is a colourless 
liquid with an unpleasant smell, which is insoluble in water. It can be 
shown by analysis to contain two ethoxy-groups, which settles the struc¬ 
ture. Also the only other at all probable structure, that of a sulphinate 

Et—S( 

\ 0 -Et 

was shown to be impossible by preparing that ester (p. 922) and proving 
that it was different: its boiling-point is nearly 30^ higher (owing to the 
co-ordinate link), being 60713 mm., it is soluble in water (no doubt for the 
same reason) and it is stable to oxidizing agents. 

Ethyl sulphoxylate is very easily oxidized, even by oxygen at the 
ordinary temperature in 30 hours; more rapidly by NO 2 , KMn 04 , and 
SeOg. None of these oxidizing agents—not even ozone—will convert it 
into ethyl sulphate: they all give ethyl sulphite, which none of them can 
oxidize to ethyl sulphate, though of course they all oxidize the SO 3 ion 
readily to SO 4 . 

On hydrolysis the ester is converted mainly into the thiosulphate, with 
some sulphide and sulphate: but no salts of sulphoxylic acid could be 
isolated, nor even an ester salt. 

The structure of these compounds is clear, but their behaviour, and 
especially their instability and their extreme readiness to oxidize, are very 
remarkable. 

Hydrosulphurous* Acidy H 2 S 2 O 4 
The hydrosulphites are made by the reduction of sulphites, usually with 
zinc; they can also be made^®® by shaking sodium or potassium amalgam 
with dry sulphur dioxide. They are powerful reducing agents, and will 
convert, for example, cupric or mercuric salts into the metal with the 
formation of the sulphite. They are much used (especially the sodium 
salt) as reducing agents in the dyeing industry. In solution all the salts, 
and especially those of divalent metals hke barium or lead,®®^ are very 
unstable. In the air they oxidize to sulphites, and in its absence they 
soon decompose to form sulphites, thiosulphates, and free sulphur. This 
is due to two reactions, one going essentially in neutral or alkaline solu- 
tion®^^ and the other in acid solution, where thiosulphates cannot exist: 

2 Na 2 S 204 = NagSgOg NagSgOg (pyrosulphite) 

2 HgSg04 = 3 SOg + S -f 2 HgO. 

* This name is better than the more obvious hyposulphurous acid (used e.g. by 
Abegg, Sulphur f 1927), as it avoids confusion with the old name for thiosulphates. 
(Dithionous acid is also used.) 

L. Rougeot, CM. 1946, 222, 1497. 
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Dry sodium hydrosulphite undergoes a remarkable reaction on heat¬ 
ing.At about 190"" it suddenly evolves SO 2 , and the residue has 
entirely lost its reducing power, being a mixture of sodium sulphite and 
thiosulphate. This reaction is strongly exothermic, evolving 10-35 k.cals. 
per Na 2 S 204 . 

The structure of this acid has been much disputed, but agreement 
seems to have been reached. There was for some time a doubt whether 
the formula was H[S 02 ] or H 2 [S 204 ]; the absence of acid salts seemed to 
support the former. But measurements of the freezing-points and con¬ 
ductivities of the salts showed ^^^~2 that the double formula must be 
accepted. The final proof was given by Klemm,^"^^ who showed that the 
sodium salt was diamagnetic. For H 282 O 4 the symmetrical structure^’^ 

I . 

H— 0 - 8 ->() 

that of a sort of disulphinic acid, though not impossible in itself, is incom¬ 
patible with the behaviour of the acid; it does not explain the strong 
reducing power, which neither the sulphinic acids nor the S—S compounds 
possess, and further, if it were correct the salts should oxidize to dithionates 
MO3S—SO3M, whereas they never give dithionates, but on the contrary are 
readily oxidized either wet or dry to sulphites and pyrosulphites. This 
close relation to H 2 SO 3 suggests the formula of a mixed ‘anhydride^ of 
sulphurous and sulphoxylic acids^’® 

H—O—S—0—S( 

\ 0 —H 

which is strongly supported by the fact^"^® already mentioned above 
(p. 905), that hydrosulphurous acid can be hydrolysed in presence of 
cobalt salts into the sulphit-e and the sulphoxylate. The behaviour of the 
hydrosulphites is exactly what one would expect from such a ‘mixed 
anhydride’, though it is difficult to see why this mixed form should be, 
as it certainly is, more stable than the simple sulphoxylate. 

Sulphurous Acid, HgSOg 

Sulphur dioxide dissolves readily in water (some 10 per cent, by weight 
at 20 '' and 1 atm.), forming this acid; the hydration appears to be instan¬ 
taneous,unlike that of COg. The absorption spectnim suggests that 
the non-ionized part of the solute is partly in the non-hydrated form, as 
with NH3. Sulphurous acid is a fairly strong acid; the apparent dissocia- 

R. Scholder and G. Dank, Z. anorg. Chem, 1935, 222, 17, 41, 48. 

J. Meyer, ib. 1903, 34, 43. K. Jeliinek, ib. 1911, 70, 93. 

L. Klemm, ib. 1937, 231, 136. M. Bazlen, Ber, 1927, 60, 1470. 

O. V. Deines and G. Elstner, Z. anorg, Chem, 1930, 191, 340. 

H. T. Bucherer and A. Schwalbe, Ber, 1906, 39, 2814. 

K. Schaefer, Z, anorg, Chem. 1918, 104, 212. 

0. S. Garrett, J,C,S, 1915, 107, 1324. 

R. Dietzel and S. Galanos, Z. Elektrochem, 1925, 31, 466. 
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tion constants (i.e. on the assumption that all the unionized sulphur is 
present as H 2 SO 3 ) are = 0-013/25^380 ^nd Thus the 

first dissociation constant is rather weaker than that of dichloracetic acid 


(0-05). 

Sulphurous acid is a strong reducing agent; if it is heated with water 
in absence of air it oxidizes itself, forming sulphuric acid and free sulphur. 
In presence of air the solution is oxidized, gradually even in the cold, to 
sulphuric acid or a sulphate; this reaction is enormously retarded by the 
presence of small traces of certain organic substances such as isopropyl or 
benzyl alcohol,3^2 owing, as is now clear, to the shortening of reaction 
chains. 

A solution of sulphurous acid or a sulphite can effect a whole series of 
reductions, but it can also under some conditions act as an oxidizing agent, 
being reduced to elementary sulphur; its oxidizing is much weaker than 
its reducing power, but is strengthened by addition of excess of acid: it is 
able to oxidize ferrous salts to ferric, and mercurous to mercuric.333-8 

Although free sulphurous acid cannot be isolated, any more than nitrous 
or carbonic, it is clearly H 2 SO 3 , and has two possible tautomeric (not 
resonance) formulae giving the same ion 


H—0\ 


H 


-0/' 


;S->0 


H-0\ ^ 

)s( 

H/ ^ 


O 

o 


Ox 

0 /' 


s—o 


(I) 


or 


O 

0 


S—0 

( 11 ) 


It has been shown by the X-ray examination of NagSOj^*® that the SO 3 
ion has a pyramidal structure (like the chlorate ion CIO 3 ), as the above 
formula requires. 

The two forms of the acid are, of course, inseparable, but they give rise 
to two isomeric series of esters (I) the symmetrical true sulphites, and (II) 
what should properly be called esters of alkyl-sulphonic acids; 

Et-d'v Et- 

)s-^o )s( . 

Et—0/ Et/ ^0 


(I) 


( 11 ) 


These esters change unusually easily from one form to the other. 


=»» H. F. Johnstone and P. W. Leppla, J.A.C.S. 1934, 56, 2233. 

I. M. Kolthoff, Z. anorg. Chem. 1919, 109, 69. 

H. N. Alyea and H. L. BackstrSm, J.A.C.8. 1929, 51, 90. 

883 w. Wardlaw e< oi., J.C.S. 1920, 117, 1093, 1241. 

>»* Id., ib. 1922, 121, 1481. Id., ib. 1923, 123, 969, 3417. 

S. R. Carter, J.S.C.I. 1926, 45, 207. W. Wardlaw, ib. 210. 

’*• S. R. Carter and F. James, J.C.S. 1924, 125, 2231. 

W. H. Zachariasen and H. E. Buckley, Phys. Rev. 1931, 37, 1295. 
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It was once thought that mixed salts, such as NaKSOj, could occur in 
two isomeric forms, one with one metal attached to the sulphur, and the 
other with the other. This idea, which was not confirmed experimentally,®®^ 
implies that the metal is covalently attached to the sulphur, which is 
intrinsically very improbable with an alkah metal, and has been disproved 
by showing that NagSOg has the conductivity to be expected of a normal 
3-ionic salt. 

Two series of salts are known, (1) the normal sulphites MiSOg, 

(2) the bisulphites M'HSOa, which by loss of water are converted into the 
P3a‘osulphites M2S2O5. 

The normal sulphites are as a rule rather insoluble salts, except those 
of the alkahes, which dissolve readily; the bisulphites, on the other hand, 
are usually soluble, especially those of the alkalies and the alkaline earths. 
Owing to the weakness of the second dissociation constant of sulphurous 
acid, the normal sulphites have an alkaline and the bisulphites a neutral 
reaction. The metabisulphite ion S 2 O 5 has been shown by X-ray examina¬ 
tion®®® to have the stracture 


O 

0 


\ 


The sulphites are very reactive. In addition to being oxidizable to 
sulphates, they can be reduced by zinc to hydrosulphites, or further 
reduced, by treatment with carbon or metals at a high temperature, to 
sulphides. The solutions dissolve sulphur to form thiosulphates. The 
familiar bisulphite compound of acetaldehyde 

CH 3 \^S 03 M 

\0H 


has been shown®®® to have a C—S link, since by treatment with ammonia 
and then nitrosyl chloride it can be converted into CH3 CHCI—SO3H, 
which is also obtainable from the trimer (CH3 0118)3. 


Ccmplex Sulphites 

Sulphurous acid forms a large number of complex salts,®®® containing 
as central atoms especially the metals 


Mn 

Fe 

Co 

Ni 

Cu 

Zn 


Ru 

Rh 

Pd 

Ag 

Cd 


Os 

It 

Pt 

Au 

Hg 


as well as Be and Mg; these are the metals (with the addition of Fe, Ru, 
Os) which have been found (above, p. 884) to give complexes with the 

Wells, iS'.I.O. p. 306. G. S. Fraps, Am, Ckem. J. 1900, 23, 202. 

R. L. Shriner and A. H. Land, J. Org, Ghem. 1941, 6, 888. 

For a summary, see Werner, Neu, Ansch. ed. 6 (Pfeiffer), p. 120. 
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thioethers. That some at least of these salts are true complexes has been 
proved experimentally. Thus Barth^^^ showed that in the mercury salts, 
Ma[Hg(S 03 ) 2 ] the mercury is not ionized, and is not precipitated by alkalies, 
phosphates, etc. It is a true complex acid, giving Na, K, Ag, Sr, and 
Ba salts. So, too, with the unusually soluble trisulphito - cobalt salt 
Na 3 [Co(S 03 ) 3 ], 4 HgO; the cobalt migrates on electrolysis to the positive 
pole.^®® 

There are four possible structures for these complex sulphito-anions: 


M—S^O. 

\o 

M—0—S( . 

No 

/< 

0 

A 

0 0 

V 

(I) 

(11) 

(III) 

(IV) 


(III) may be disregarded, since no chelate 3-ring ato-compounds are known, 
no doubt on account of the strain. It should be possible to decide between 
(I) or (II) and (IV), from the number of places occupied by the SO 3 in the 
complex. This number is usually 2 , as is seen in such salts as M 2 [Pt(S 03 ) 2 ], H 2 O 
(M - Na,NH 4 ) and (M - Co, Rh, Ir), as weU as mixed salts 

like K 3 [IrCl 4 S 03 ] and especially [Co(en) 2 S 03 ]Cl, which closely resembles 
the carbonato-compound. These may be taken to have structure IV; the 
fact that their central atoms are those which form thioether complexes 
must be due to some other cause than a M—S link. On the other hand, 
some ammine sulphito-complexes, especially of cobalt, are pentammines, 
in which the SO 3 can only occupy one place,and must have the structure 
(I) or (II). The mercuric salts M 2 [Hg(S 08 ) 2 ] are exceptional, and almost 
certainly have structure (I); the attachment of mercury is normally much 
stronger to sulphur than to oxygen, and with mercury (but with scarcely 
any other metal) a covalency of 2 with a shared quartet of electrons is 
especially stable. 

Sulphurous Esters 

The true esters of sulphurous acid, 


R— On 


R—O 




must be distinguished from the isomeric alkyl-sulphonic esters, in which 
one alkyl group is attached directly to sulphur, 

R—0\ yrO 

rXo 

The true esters can be made by the action of alcohol on thionyl chloride 

/a 


K. Barth, Z. physikal. Chem, 1892, 9, 176. 

G. Jaiitsch and K. Abresch, Z, anorg. CJiem* 1929, 179, 345. 
E. H. Riesenfeld, ib., 1924, 132, 99. 
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or sulphur monochloride S 2 CI 2 . They have the normal molecular weights 
in benzene solution by the freezing-point (for a full account of their 
properties see refs. 397-8j Their boiling-points, with those of the isomeric 
sulphonic esters, and of the rather similarly constituted carbonates are; 


Boiling-points 



R-0\ 

)c=-o 

R—0^ 


R—0\ 

: 

R— 

Diff. 

R—0\ yrO 

X 

R/ ^0 

R = CHj 

90° 

31-5° 

121-5° 

81-5° 

203“ 

CaHj 

127° 

34° 

161° 

52-4° 

213-4'’ 

C3H, 

168 ° 

26° 

194° 




The marked rise in going from the sulphite to the isomeric sulphonate is 
no doubt due to the introduction of a second co-ordinate link with its 
large dipole moment. The rise from carbonate to sulphite is smaller, 
presumably because the carbonate is a resonance hybrid with the co¬ 
ordinated form 

R— 

R— 0 / 


The suly^honic esters are rapidly saponified by alkalies to the salts of 
the alkyl-sulphonic acids R S 02 0[M], but the sulphites are only saponi¬ 
fied very slowly, and then they give these same alkyl-sulphonic salts by 
an isomeric change: 

Aik—0\ Alk\ ^0 

>->0 -> )s( 

Aik— 0 / 0^ \0[M] 

although the alkyl-sulphite salts 

K-0\ 

)S—0[M] 


actually exist, and can be made by the action of sulphur dioxide on 
sodium alkylate. 

This tautomeric change to the sulphonate can also be brought about 
with the true ethyl-alkali-sulphites, as 

/O—CgHg 
0<-S\ ; 

\0[K] 

these can be easily hydrolysed in the normal way to potassium sulphite 
(showing that the alkyl group is not directly attached to the sulphur) but 
they can also be converted (without hydrolysis) into the salts of the 


A. Rosenheim and W. Sarow, Ber. 1905, 38, 1298. 
R. Levaillant, Ann, Chim. 1936, [xi] 6, 459-581. 
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alkyl-sulphonic acid, by treatment in neutral solution with alkaline iodide, 
bromide, or thiocyanate, which can form complexes of the composition 
(Aik—S 02 * 0 M) 4 ,KI (or NaBr, or NaCNS); these three salts will also 
combine with sulphur dioxide, the first giving ( 802 ) 4 , 

Voss has shown^®®“^ that the normal esters (Aik • 6)280 are good alkylat¬ 
ing agents, converting carboxylic acids into their esters, and even alkylating 
the nitrogen in amino-acids. 


Thiosulphurous Acid, H—0—S—S—0—H 
This is known only in the form of esters: the salts decompose as soon 
as the esters are hydrolysed.^®^ The esters are formed^®^® by the action 
of dry sodium alkylate on sulphur monochloride SgClg in ligroin solution. 
(A supposed second series of isomeric esters^®^ does not exist.They 
have been shown to have the simple molecular weight in benzene solu¬ 
tion the boiling-points are^®® (CHg- 0 * 8)2 33715 mm., (C 2 H 50 S )2 
67716 mm. They can also be shown by the method of ViebOck^®^ to 
contain two alkyloxy-groups in the molecule. This gives two possible 
formulae 

R- 0 \ 

R.O—S—R 

R*(K 

(I) (11) 

between which it is difficult to decide, (They are isomeric with the 
known thio-esters of the sulphonic acids R SOg S R.) The stability to 
oxidation is remarkable: they are not oxidized by atmospheric oxygen or 
by selenium dioxide; this suggests that the S —8 group has some unknown 
source of stability in these compounds. But they are rapidly hydrolysed 
by alkalies to give thiosulphates and free sulphur, probably by the two 
reactions 

ROS SOR -> RO-SK + RO S OH 

-> RO K + S + KgSaOg. 


In presence of traces of dry sodium alkylate the esters undergo a very 
peculiar reaction 


ROS—SOR 
-f- Na • OR 


= RO.S[Na] f 

> 1 ^ 

RO[Na] + S 


S(OR)2 


already mentioned under sulphoxylic acid, the alkylate being regenerated, 
and the ultimate products being free sulphur and the ester of sulphoxyHo 
acid.^®® 


396 p. Walden and M. Centnerszwer, Z, phyaikal, Chem. 1903, 42, 432. 

400 w. Voss and E. Blanke, Ann. 1931, 485, 268. 

401 w. Voss and H. Vulkan, Ber. 1937, 70, 388. 

P. Langfeld, ib. 1896, 28, 449. A. Meuwsen, ib. 1936, 68, 121. 

H. Stamm, ib. 673. A. Meuwsen, ib. 1936, 69, 936. 

A. Meuwsen and H. Gebhardt, ib. 937. 

F. Viebdck and A. Schwappaoh, ib. 1930, 63, 2818. 
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This is the most stable of all the oxy-compounds of sulphur. The 
following solid phases are formed by sulphur trioxide and water in various 
proportions (with melting-points): 

H 2 SO 4 , 3 HaS04-h (b. pt. 320*^) 

HaS04, SO 3 -f 36° H 2 SO 4 , HjO-f 9° 

3 H 2 SO 4 , SO 3 ? H 2 SO 4 , 2 HgO - 38-9° 

H 2 SO 4 , 4H20-29° 

The so-called 100 per cent, sulphuric acid, though its melting-point comes, 
as it must, on the top of a curve (at + 10 °), is partly dissociated in the 
liquid state into SO3 and perhaps the mono-hydrate. According to Domke 
and Bein^®® the presence of free SO 3 begins at about 98 per cent., which is 
where the acid begins to fume in air. The 100 per cent, acid has a definite 
electrical conductivity, and behaves like a fused salt rather than like an 
ordinary low melting covalent substance. 

The properties of 'absolute’ (i.e. 100 per cent.) sulphuric acid as a 
solvent have been investigated especially by Hantzsch.^®®”^^ It is a good 
solvent for many substances, but will not dissolve the halogens, halogen 
hydrides, phosphoric, or phosphorous acid, I 2 O 6 , CrOg, TeOg (AsgOg and 
HgClg only on heating), or aromatic and aliphatic hydrocarbons and their 
halides. The freezing-points and conductivities indicate that while some 
solutes give normal molecular weights, most of them are dissociated. 
Normal (undissociated) values are given by tellurium, oxalic, picric, 
and trichloracetic acids, methyl sulphate, phthalio anhydride, and many 
polynitrobenzenes. Abnormal (dissociated) molecular weights are found 
with boron trioxide: sulphates of the alkali metals, and of ammonium, 
thallous thallium, and barium: organic amines and amides, cyanic acid, 
water, alcohols and ethers, fatty estos, aldehydes, mono- and dicarboxylic 
acids. Apart from the sulphates, the conductivity must be due to the 
formation of oxonium salts, such as [H 30 ](S 04 H). 

There are three possible structures for the monomeric H 2 SO 4 molecule, 
which no doubt is really a resonance hybrid: 

H-0\ H-0\ /O H-0\ /O 

H— 0/^0 H— 0/^0 H—CK ^O' 

The properties agree far more closely with the first of these. There is no 
sign of its forming an 'ortho’ acid H4SO5 or HeSO^, either in its salts or 
in its esters. In this it resembles selenic but strikingly diflFers from telluric 
acid, which appears to exist only in the form Te(OH)e (p. 983). This is 

J. Domke and W. Bein, Z, anorg. Chem, 1906, 43, 126. 

A. Hantzsch, Z, physikal. Ghem. 1908, 61, 293. 

F. Bergius, ib. 1910, 72, 338. 

See also G. Oddo and E. Scandaola, ib. 1908, 62, 243; Qaz, 1909, 39, ii. 1 , 44; 
1918, 48, ii. 163; O. and A. Casalino, ib. 1917, 47, ii. 200, 232; Oddo, ib. 1917, 48, 
i. 17. 
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presumably due to the greater stability of the octet (as opposed to the 
duodecet) with the lighter element. This co-ordinated structure for sul¬ 
phuric acid (its ion was actually the first molecule for which a co-ordinated 
structure was proposed (G. N. Lewis, 1916)), is also in accordance with all 
the evidence for the reluctance of sidphur to form double links. Evidence 
is accumulating that the S->0 link has a good deal of S^O character in it. 

The SO 4 ion has been showm in an enormous number of X-ray examina¬ 
tions of sulphates to have the four O atoms at the points of an almost 
regular tetrahedron (slightly distorted by the attraction of the cation). 
The distance between the central atom and the oxygen is (in all AO 4 ions) 
much less than the single link requires, owing to the resonance with the 
doubly-linked forms. Pauling gives the following values: 



1 Si—0 in 

sio; 

y—Oin 

yo~~ 

S—0 in 

sor 

Cl - 0 in 
CIO 4 

Observed 

1-60 

1-55 

1-51 

1*48 

Radius sumi 

1-83 

1*76 

1-70 

1-65 

Difference 

0-23 

0-21 

-019 

1 -0*17 


The mean shortening is 0-20 A; a double link A:---0 would require a 
shortening of about 0-21 A, but the resonance shortening must of course 
be added (see further, p. 1039 below) 

With radioactive sulphur it has been shown'^^® that SO 4 ions do not 
exchange sulphur with SO 3 or S" ions in 36 hours at 100 °. 

Both the free acid, as we all know, and also its salts, have a strong 
tendency to take up water. With the free acid this may be explained in 
two ways, probably both true, as due to the attachment by co-ordination 
of water to the oxygen of the anion, or to the hydration of the free hydrogen 
ion. Only an X-ray examination of the solid hydrates of the acid could 
prove the method of attachment; that the linkage is strong is shown both 
by the very low pressure of dilute solutions of water in the acid, and by 
the high melting-point of the monohydrate (+9°)- The hydration of the 
SO 4 anion is shown by the frequency with which we find an odd number 
of molecules of water of crystallization in sulphates: e.g. the vitriols, 
M"S 04 , 7 H 2 O (M" - Mn", Co", Ni, Zn, Fe"): copper sulphate, CUSO 4 , 
5-3-1 HgO, with one molecule of water very difficult to remove, and 
cuprammonium sulphate, [Cu(NH 3 ) 4 ]S 04 ,H 20 . It is at least probable 
that in all these salts one molecule of water is attached to the SO4, leaving 
the usual 4 or 6 to hydrate the cation. In the particular cases of CUSO 4 , 
5 and ]SriS 04 , 7 this conclusion has been supported by 

X-ray evidence. 

The ‘simple’ sulphates (those with the compositions of binary salts) 
have several peculiarities. The solubility in water tends (especially at 

412 Chemical Bond, p. 240. -*18 ^ Vogo, J.A.C.S. 1939, 61, 1032. 

414 C. A. Beovers and H. Lipson, Proc. Roy. Soc. 1934, 146, 570. 

41*^ C. A. Beevers and C. M. Schwartz, Z. Krist. 1935, 91, 157. 
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higher temperatures) to fall as the temperature rises. This is a familiar 
property of anhydrous sodium sulphate; it is found with the sulphates 
of the following cations (the water of crystallization, if any, is appended in 
brackets): Li (1 HgO: from 0 ° upwards); Na,Cu" (3 HgO: only above 140®); 
Zn ( 1 ); Cd ( 1 ); Y, La (9); Ce'" (9, 8 , 5, and 4); Yb ( 8 ); Th (4); (4); 

Mn"' ( 1 ), and Fe" ( 1 ). It does not occur, so far as is known, with the 
sulphates of K, Rb, Cs, Ag', Be, Mg, Ba, IT, Pb", Co", or Ni. 

Again the sulphates, especially those with polyvalent cations, are very 
ready to form supersaturated solutions. Thus the solubility of anhydrous 
thorium sulphate (IV. 639) can be measured at 0 ®, though it is more than 
44 times as soluble as the stable enneahydrate. Tetravalent uranium 
sulphate 11 ( 804)2 ivS similar, and so are the sulphates of trivalent vanadium, 
chromium, iron, and divalent titanium. 

This is sometimes due to the presence of two different forms in solution, 
one of which must be complex. Thus the anhydrous forms of the last four 
sulphates will not dissolve in water or sulphuric acid (as the hydrated will), 
but only in boiling concentrated nitric acid. Again, trivalent rhodium 
sulphate Rh 2 (S 04)3 (VIII. 1519) has a normal yellow form, and also a red 
form, from the solutions of which barium chloride does not precipitate 
the anion, nor potassium hydroxide the cation. The chromic salt is 
similar (VI. 1013). 

The double sulphates form a large group of salts, whose structures are 
often very difficult to determine. The two most famous series are the 
alums, M'M'"(S 04 ) 2 , I 2 H 2 O, and the double salts of vitriols, M 2 M"(S 04 ) 2 , 
6 HgO (SchOnite series). The alums have already been discussed under 
aluminium (III. 427); the crystal structures show that they are not true 
complex salts at all, since six of the 12 HgO molecules are grouped round 
the aluminium ion. A mixed alum, isoinorphous with the true alums, has 
been obtained of the formula K 2 BeF 4 , Al 2 (S 04 ) 3 , 24H20.^^^ 

The same is probably true of the vitriols, although our knowledge of 
their structures is less certain. Benrath^^®'*^’^ has obtained from solutions 
of mixed sulphates M''S 04 +M 2 S 04 the following series of double sulphates, 
all of the type M"S 04 M 2 S 04 , x HgO, with these values of x: Mg, Th; 
Zn, Tl'; Zn, NH 4 6 ; Cd, Rb 2 , 6 ; Cd, K; Co, Na; Ni, Na 4. 

At the same time it is clear that in some complexes the SO 4 group is 
covalently attached to the central atom. Werner pointed out that it 
sometimes occupies one co-ordination place, as in 

A— 

\o 

X)\ yfO 

and sometimes two, as in A(^ ’ 

A. Benrath, Z. anorg. Chem, 1931, 202, 161. 

A. Benrath and C. ThOnessen, ib. 1932, 203, 405. 

^18 W. R. C. Curjel, Nature, 1929, 123, 206. 
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Only by this assumption can we reconcile the compositions of many 
complex salts with the established co-ordination numbers of the central 
atoms. For example, the sulphate group must occupy one place in 
[(NH 3 ) 5 CoS 04 ]X and in the platinic salt [(NH 3 ) 4 PtBr(S 04 )]X, and two in 
[ 67 ^ 2 Co(S 04 )]X and [(NH 3 ) 4 Pt(S 04 )]X 2 . The best evidence of complex 
‘sulphato’ formation is when the SO 4 cannot be precipitated from the 
salt solution by barium chloride. This occurs, as we have seen, with the 
simple rhodium and chromium sulphates, with the chromisulphates, such as 


K. 



—dichromates in which one chromium is replaced by sulphur—and also 
with the double iridium salt K 3 [Ir(S 04 ) 3 ], H 2 O. 

The acid sulphates MHSO4 are converted on heating into the pyro- 
sulphates MJSgO,, which on further heating lose SO3. The pyrosulphate 
obviously has a S—0—S link, and this seems to hydrolyse in water at 
once. 

It is even possible to make a trisulphate M 2 S 3 O 10 , corresponding to the 
trichromates MgCrgOio. Potassium sulphate reacts^^^ with excess of 
sulphur trioxide at 50® to give K 2 S 3 O 10 ; the presence of traces of water 
(i.e. of bisulphate) seem to hasten this. The salt gives a characteristic 
X-ray pattern. It does not begin to lose sulphur trioxide till 150®; but it 
is at once decomposed by water to give potassium acid sulphate KHSO4. 
A similar sodium salt NaaSgOio has been made.^^® 


Alkyl Sulphates 












The alkyl sulphates are formed by the action of alcohol on sulphur 
trioxide, oleum, or chlorosulphonic acid, or by heating the half esters, such 
as ethyl hydrogen sulphate (from ethyl alcohol and sulphuric acid) to a 
high temperature. 

These esters, especially methyl sulphate, are of great value in organic 
chemistry for the alkylation of hydroxylic groups by heating alone or in 
presence of alkali. Methyl sulphate was supposed to have a very poisonous 
effect on the lungs, but this can be avoided with care. 

The cyclic esters of diatomic alcohols are of considerable interest.^^^ 

P. Baumgarten and E. Thilo, Ber. 1938, 71, 2596. 

E. Zintl and H. Roeasler, ib. 1939, 72, 191. 

W. Baker, J.C.8. 1931, 1766; W. Baker and F. B. Field, ib. 1932, 86. 
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Methylene sulphate can be made by the action of oleum on paraformalde¬ 
hyde, and like methyl sulphate will form methylene esters either by its 
direction action on glycols, or with phenols by reaction in benzene in 
presence of solid potassium carbonate; in this way such compounds as 

(CHjj)/ )CHj 5 and CgHs • 0 • CH^ • O ♦ CeHg can be made. 

The properties of methylene sulphate show that it can scarcely have the 
simple formula CH 2 SO 4 . Thus it melts without perceptible vapour pressure 
at 155°, while methyl sulphate melts at --27° and boils under atmospheric 
pressure at 188°, only 33° higher than the melting-point of the methylene 
compound. In benzene solution it probably (the solubility is small) has 
the double formula. Ethylene and trimethylene sulphates, made from the 
glycol and methylene sulphate, have lower melting-points (C 2 H 4 SO 4 90°; 
C 3 H 6 SO 4 63°), and have the simple molecular weights in benzene by the 
freezing-point. They clearly have simple rings of 5 and 6 atoms respec¬ 
tively, 


CH 2 —0 


r ‘ 

CH,— 0 / 


CH^—0\ 

I \ 

CH, )S0,, 


i 


iH»— 


but the 4-ring required for the monomeric methylene compound 

/ 0 \ 


involves too much strain, and accordingly the double molecule is formed, 
with an S-ring (not chelate) 


0,S 


/O—CH,—0\ 
\o—CHj— 


SOj. 


For the same reasons of strain glyoxal sulphate CH 011 ( 804 ) 2 , which is 
made by the action of oleum on acetylene tetrachloride C 2 H 2 CI 4 in 
presence of mercury or copper salts and melts at 176-7°,*^® must have 
structure (I) with a 5-ring, and not (II) with a 4-ring: 


/O—CH—0\ 
OjSr [ >02 

\0—CH—0/ 

(I) 


/ 0 \ 

OjSQ )CH- 

\o/ 


-CH>^S02 


( 11 ) 


Thiosulphuric Acidy HgSgOg 

The free acid and the acid salts are unknown; they decompose as soon 
as they are formed. The neutral salts are made: 

1. By the action of sulphur on a sulphite solution. 

2. By the oxidation of HgS or sulphides. 

t 2 a Ruggli and E. Henzi, Helv, Chim, Acta, 1929, 12, 364. 
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3. By the spontaneous decomposition of sodium hydrosulpliite, along 
with the pjrrosulphite: 

2 Na 2 Sa 04 = Na^SgOa + NagSaOg. 

4. By the action of alkalies of polythionates. 

The salts are numerous and commonly very stable. Those of the 
alkalies and alkaline earths are usually hydrated, but not those of NH 4 , 
Pb, Ag, Tl'. Very soluble thiosulphates are those of the alkalies, Ca, Sr, 
(Ba only 1/480), Mg, Cd, Zn, Ni, Go, Pe", Mn". The thalloiis, silver, and 
lead salts are only slightly soluble and readily form double salts. The 
solutions are fairly stable in the cold and in absence of air; the alkaline 
solutions are readily oxidized by air to sulphates. On treatment with 
iodine they give tetrathionates: 


2 S 2 O; + I 2 = Sfil + 2 r. 

In this famihar reaction, anhydrous NagSgOg dried at 120'' can be used as 
a primary analytical standard.'^^* The best known of all the salts is, of 
course, that of sodium, NagSgO^, 5 H 2 O, which is the ‘hypo’ used in 
photography to fix the plate by dissolving out the unreduced silver halide. 

The structure of the acid is clear: it is derived from sulphuric acid by 
replacing one oxygen by a sulphur 


O 

O 


/^\o 


No other formulation would explain the stability, and strong confirmation 
has been obtained by the use of radioactive sulphur. This substance 
made by bombarding the chlorine in carbon tetrachloride with neutrons 
(n, pr), has a half-life of about 80 days. It is dissolved,^^^ along with some 
ordinary sulphur, in sulphite solution, and the silver salt AggSgOg precipi¬ 
tated from this with AgNOg. On boiling, the salt breaks up into 

AgaS + H2SO4, 

and the whole of the activity is found in the silver sulphide. In the same 
way it was shown^^ that active S'' ions exchange rapidly with half the 
sulphur in a thiosulphate solution. 

Thiosulphates are decomposed by acids, giving amongst other products 
sulphur dioxide and free sulphur: the time lag before the turbidity due 
to colloidal sulphur begins to appear is probably due to the slow aggrega¬ 
tion of the liberated sulphur into colloidal particles, since, if the solution 
is neutralized immediately after acidification, the thiosulphate is not 
reformed (Ephraim). 


H. M. Tomlinson and F. G. Ciapetta, J, Ind. Eng, Chem. [Anal.] 1941, 13, 639. 
*** E. B. Andersen, Z. phyaikal. Chem, 1936, B 32, 237. 

H. H. Voge, J.A.C.6f.'l939, 61, 1032. 
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The decomposition of thiosulphuric acid is a very complicated problem, 
but the main facts seem to be these.^^®"® 

The S 2 O 3 ion is relatively stable, and so does not decompose until the 
hydrogen ion concentration reaches about 2*5xl0~®, and then the very 
unstable HS 2 O 3 ion is formed, which decomposes thus: 

HSgO' -= HSOi + S (quick). 

This is the first main product: the second is pentathionic acid, which is 
formed less rapidly, by reaction 

(i f 5 S 2 OJ - 2 S 5 O" -I- 3 HgO. 

If concentrated HCl is used, HoS and HgSg are formed, presumably from 
the monatomic sulphur,but no dithionate, and especially no sulphate. 
With less concentrated HCl, especially in presence of a little AsgOg as 
catalyst, the pentathionate is the main product.'*^'^ 

Complex Thiosulphates 

Thiosulphuric acid forms a series of remarkably stable complex salts 
with a variety of heavy metals. Alkaline thiosulphate solutions will dis¬ 
solve many insoluble salts of silver, lead, mercury, cuprous copper, etc. 
(and also the corresponding oxides, with the production of alkaline solu¬ 
tions) ; it is interesting that cupric salts form no such complexes, but are 
reduced to cuprous, which then form them. 

This is obviously connected with the high affinity of many of these 
metals for sulphur. The radical, as in all the complexes formed by 
di-basic acids, can occupy either one or two co-ordination places in the 
complex: 

0 

/S\ 

V<0 ” ^ 

There is little doubt, for example, that the anion in K 3 [Bi(S 203 ) 3 ] is 
trichelate ( 6 -covalent); so, too, we must assume a ring structure in silver 
complexes Na[AgS 203 ] (2-covalent) and Na 3 [Ag(S 203 ) 2 ] (4-covalent); but 
in Na 2 [Hg(S 203 ) 2 ], on account of the strong tendency of mercury to assume 
a covalency of 2 , together with its great affinity for sulphur, which enables 
it to dispense with the extra stability of the chelate ring, it is quite probable 
that the mercury is only 2 -covalent, and no rings are formed. 

In solution the mercury silver and aurous salts have a sweet taste, 
which with the silver salt is still perceptible in 1/320,000 solution. 

O. v. Deines, Z. anorg. Chem. 1928, 177, 13. 

E. H. Riesenfeld and G. Sydow, ib. 175, 49. 

«« J. Scheffer and F. B6hm, ib. 1929, 183, 151. 

F. Prakke and E. Stiasny, Rec, Trav, 1933, 52, 615. 

F 
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The silver and gold salts are of peculiar interest. Bassett and Lemon^® 
showed that in the system NagSgOj—^AggSgOg—HgO at 26*^, the follow¬ 
ing solid phases occur: Na 3 [Ag(S 208 ) 2 ] 2 HgO; Na 5 Ag 3 (S 208 ) 4 , 2 HjO; 
NafAgSgOg], HgO; and NaAg 8 (S 203 ) 2 , HgO. Some of them at least are 
undoubtedly complex salts, especially NaiAgSgOg]. The existence of this 
very stable and soluble salt explains the solubility of silver halides in 
sodium thiosulphate, and its use in photography. Its solution is precipi¬ 
tated by KI but not by NaCl, showing that the concentration of silver ions 
is so small that with the halide ions added it fails to reach the solubility 
product of silver chloride though it exceeds that of silver iodide 

The free acid H[AgS 203 ], HgO is said^®^ to be precipitated as an 
unstable white powder when nitric acid is added to the solution of the 
sodium salt. 

The gold salt is made by dissolving auric (not aurous) chloride in NagSgOg. 
The auric chloride is reduced (like a cupric salt) to aurous by some of the 
thiosulphate, which is thereby oxidized to tetrathionate: 

4 NagSaOg + AuClg = ]Sla 8 Au(S 203)2 -f NagSA + 3 NaCl. 

The solution of this aurous complex Nag[Au(S 203 ) 2 ] has a sweet taste: 
the gold is not reduced by ferrous sulphate or oxalic acid, and the salt is 
only slowly decomposed bj’' hydrochloric acid or dilute sulphuric acid. 
Unlike the silver complex it is not evren reduced m the human body. 

From the corresponding barium salt H 2 SO 4 liberates the free acid 
Hg[Au(S 203 ) 2 ], which, though it cannot be isolated, can be evaporated 
down to a syrup without decomposition. The electric conductivity, and 
the freezing-point data in water, agree with the sodium salt having 4 ions, 
so it must be a true complex salt. 

Esters of Thiosulphuric Acid 

Of these the only known derivatives seem to be the mono-alkyl ester- 
acids and their salts, in which the hydrocarbon radical is attached to 
sulphur. The alkyl compounds can be made^®^ by the action of alkyl 
halide or dialkjl sulphate on sodium thiosulphate. The salts are fairly 
stable, but in acid solution the mercaptans are separated. The corre¬ 
sponding aryl compounds can be made*®® by the action of thiophenols 

4- — 

on the so-called N-pyridinium sulphonic acids C5H5N • SOg • O: the reaction 
occurs at once, with the formation of the pyridinium salt CgllgS • SOg • 0 
[pyH]. These salts are stable in neutral solution; in acid solution they 
are very slowly hydrolysed to the thiophenol and sulphuric acid, but are 
quickly converted in alkahne solution into diphenyl disulphide and SOg, 
with some phenyl sulphinic acid.*®*“® 

H. Bassett and J. T. Lemon, J,C.S, 1933, 1423. 

H. Baines, ib. 1929, 2763. «« Beilstem, i, 284, 328. 

^ P, Baumgarten, Ber, 1930, 63, 1330. 

H. Lecher, ib. 1925, 58, 410. 


A. Dximow, ib. 1939, 72, 568. 





Sulphenic Acids, R—S—OH 

The free sulphenic acids are too unstable to be isolated, save in a few 
rare instances,*^® but their esters and halides (see below, p. 929) are to 
some extent known. 

The ethyl ester Et-S O-Et can be made*®^ by shaking the thio¬ 
cyanate Et S-CNS (from ethyl mercaptan and thiocyanogen) with 
sodium ethylate at 0®. The diethyl ester is a colourless evil-smelling 
liquid, boiling at 1087724 mm. It can be shown by the freezing-point to 

K. Fries, ib. 1912, 45, 2970. 

A. Meuwsen and H. Gebhardt, ib. 1937, 70, 792. 
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be monomeric in benzene, and by Viebdck’s thiosulphate method**® to 
contain one ethoxy-group in the molecule. It is a weaker reducing agent 
than the sulphoxylic ester EtO-S OEt; it is not oxidized by air or by 
selenium dioxide, but ethyl hypochlorite Et-O CI oxidizes it to the sul- 
phinic ester Et • SO ■ OEt. 


Sulphinic Acids 


Rn 

H—O/' 




These are formed by reducing sulphonic chlorides with zinc, or by the 
action of a Grignard reagent on sulphur dioxide in ether.^^® The fact that 
they can be reduced to mercaptans shows that the alkyl or aryl group is 
attached directly to sulphur: they are in fact isomeric with the sulphoxylic 
ester-acids Aik—O—S—0—H. The free acids are unstable in air (being 
oxidized to the sulphonic acids) and in the absence of air they change 
rapidly at 100°, with the curious formation of the so-called ‘thiosulpho- 
nate : 

3 E SO^H == R SOo-S R + R^SOaH + H^O. 


They react with thionyl chloride SOCI 2 to give their own acid chlorides, 
such as Bu SO-Cl (boiling-point 78712 mm.), which are hydrolysed by 
water much more violently than the sulphonic chlorides, and are slowly 
oxidized to these sulphonic chlorides bj^ air; but unlike the free acids they 
are quite stable by themselves. For their sodium and magnesium salts 
see reference 

The esters of the sulphinic acids can be made^^^ by the action of the 


Grignard reagent on the ester chlorides of sulphurous acid 


Aik -0\ 
Cl/' 


S->0, 


which themselves are made by treating the true alkyl sulphites with 
thionyl halides. The sulphinic esters are stable in air, and have rather 
high boiling-points, which perhaps is due to the dipole moments of the 
co-ordinate links not being relieved by resonance; thus: 


Et-,S0-0-Et Boiliiig-poirit 60"^'at 18 mm. 
Bu SO O.Et „ 91° „ 13 mm, 

Bu SO O Bu „ 112° „ ISmrn. 


The sulphinic acids show the same curious tautomerism, due to the 
migration of a hydrogen atom from the hydroxyl to the sulphur, as occurs 
in the sulphites: their salts react with alkyl halides to give, not the 
sulphinic esters, but the isomeric sulphones: 

/fO R\ /fO 

R—S( - )S( + Kl. 

\0[K] + Alka Alk^ 


438 p Viebock and A. Schwappach, Ber, 1930, 63, 2818. 

J. V. Braun and K. Weissbawsh, ib 2836. 

P. Allen, J. Org. Chem, 1942, 7, 23. 

P. Cari6 and D, Libennaim, C.R, 1933, 197, 1326; 1935, 200, 2086. 
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The sulphonic acids are isomeric with the half esters of sulphurous acid 

RO\ 

HO/ 


and differ in having the hydrocarbon radical attached to sulphur directly 
and not through oxygen; this is proved by their being formed from the 
mercaptans by oxidation, and convertible into them by reduction. This 
linkage is much more stable than the link through oxygen, and accordingly 
the hydrocarbon radicals are much less easily split off from the sulphonic 
acids than from the sulphites. 

The aliphatic sulphonic acids are made by oxidizing mercaptans or 
alkyl sulphides with concentrated nitric acid; by the action of alkyl halides 
on sodium or ammonium sulphite^^^; or by the oxidation of sulphinic acids 

R\ 

H—0/ 


The aromatic sulphonic acids are formed directly by the action of con¬ 
centrated sulphuric acid or oleum on the aromatic hydrocarbons: this is 
a characteristic aromatic property, and one of the signs that aromatic 
hydrogen is more easiJy replaced than aliphatic. 

The sulphonation of benzene is a very peculiar reaction. Jt is only 
effected by strong acid, and when the acid has become diluted by the 
water produced to a certain extent, probably^^^ about 85 per cent, acid 
(i.e. [H 30 ]S 04 H), the sulphonation ceases. 

To increase the yield it is necessary either to use oleum, or to remove 
the water formed in the reaction, for example, by blowing a rapid stream 
of benzene vapour through the hot liquid (Tyrer process). 

This is not a question of chemical equilibrium in a reversible reaction. 
The diluted acid does not hydrolyse the sulphonic acid back to benzene 
under the conditions of the sulphonation. Further, in presence of sulphuric 
acid, even at a dilution too great to cause any sulphonation at all, heavy 
water is able to replace the hydrogen atoms of benzene by deuterium. 
IngokF^® has found this the best method of preparing hexadeuterobenzene 
CeDe- ordinary pure benzene was shaken with a mixture of DgO and 
D 2 SO 4 in approximately equimolecular proportions (i.e. about 83 per cent, 
acid by weight): after four repetitions of this process with fresh acid the 

P. H. Latimer and R. W. Bost, J, Org. Chem. 1940, 5, 24. 

C. K. Ingold, C. G. Raisin, and 0. L. Wilson, J,C,S. 1936, 915. 

Similarly the sulphonation of phenol goes much more rapidly in acetic acid 
than in water, and seems to be due to the undissociated H 2 SO 4 (E. Briner, J. W. 
Hoekstra, and B. Susz, Helv. Chim, Acta, 1935, 18, 684. 

C. K. Ingold, C. G. Raisin, and C. L. Wilson, Nature, 1934, 134, 734, 847. 

Id., J,C.S, 1936, 915. 
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CeDe was about 99-8 per cent. He explains it by supposing the formation 
of an intermediate sort of compound 



O.SO3D, 


which can break up again to give either CeHe or CeH 5 D. 

Hinshelwood et have shown that the rate of aromatic sulphona- 

tion in nitrobenzene by SO 3 is proportional to the square of the SO 3 
concentration; the heats of activation are for chlorobenzene 7*72 and for 
nitrobenzene 11*40 k.cals. 

The sulphonic acids (the aromatic are much better known than the 
aliphatic) are liquids or low-melting solids, which can be distilled in a high 
vacuum without decomposition; thus at 0*1 mm. benzene sulphonic acid 
boils at 171-2°, and p-toluene sulphonic acid at 185-7°.^^ They are 
usually very soluble in water, and are often separated from the excess of 
H 2 SO 4 by the solubility of their calcium or barium salts. They are very 
stable, but can be converted into the usual acid derivatives (halides, esters, 
amides, etc.). The hydrolytic separation of the hydrocarbon radical from 
the sulphur occurs in two ways: 

+ H2SO4 

/ 

R SOgH + HjO 

^R OH 4- H,SO,. 

In presence of alkalies the second reaction takes place (this is how phenol 
is made commercially): in acid solution, and usually at a rather high 
temperature, the first. 

The relative stability of the C—S link in various aliphatic sulphonic 
acids has been examined^®^ by determining the velocity of hydrolysis 
(exclusively to R-OH- -f-KgSOg) by concentrated potash at temperatures 
round 355° under pressure. The values of the velocity constant X 10^ 
at 355° are: 

Me 1; Et 46; Pr 14, and a fall to Hexyl 7*1; 
secondary alkyls decompose much quicker: isoPr 100 ; sec. Bu 88 ; phenyl 
37-9. The C—S link in the mercaptans^®^ varies in the same kind of way, 
but the change is about 1,000 times as quick. 


SulphonamideSy R • SOg • NHg^ 

The dipole moments of sulphanilamide and p-amino-phenyl-p-benzene 
sulphonamide^®® are 6*63 and 6 * 71D, about 0- 8 D more than those calculated 

D. R. Vicary and C. N. Hinshelwood, J,C.S. 1939, 1372. 

K. D. Wadsworth and C. N. Hinshelwood, ib. 1944, 469. 

*** E. Dresel and C. N. Hinshelwood, ib. 649. 

J. V. Braun and K. Weissbach, Ber, 1930, 63, 2839. 

F. C. Wagner and E. E. Reid, J.A.C,S. 1931, 53, 3407. 

E. C. Billheimer and E. E. Reid, ib. 1930, 52, 4338. 

W. D. Kuraler and I. F. Halverstadt, ib. 1941, 63, 2182. 

W. M. Rodionov, Btdl. Soc, 1929, [iv] 45, 109. 
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for the simple structures; this indicates some resonance with a zwitter-ion 
form 




Sulphonic Esters 

These are isomeric with the dialkyl sulphites. They have rather high 
boiling-points (Et-SOg-O-Et 213°), high dielectric constants, and are as 
good ionizing solvents as the dialkyl sulphates. These properties are to be 
expected from the presence of two co-ordinate links. 

These esters can be used for alkylation.^^^ 

Thiosulphonic Acids^ R • SOg * SH 
The salts of these acids are got by the action of potassium sulphide on 
a sulphonic chloride, with the intermediate formation of a sulphinate: 

RSOa-Cl + K 2 S = R-SO^K + KCl + S 
R.SO 2 K + S = R.SO 2 SK. 

This salt reacts with alkyl iodide to form the ester R* 802* SR, i.e. 

R-^\ .0 

r/^o’ 

The structure of this product is proved by the fact that it is identical with 
the oxidation product of the disulphide R S — S R. These esters are evil 
smelling, and high boiling, but volatile in steam. 


Sulphoxides 


R\ 


S->0 


The sulphoxides are derived from sulphurous acid by replacing two 
hydroxyl groups by hydrocarbon radicals, the product of one such replace¬ 
ment being a sulphinic acid. They are made by oxidizing the corresponding 
sulphides, either with nitric acid or hydrogen peroxide,^^"^ or by the hydro¬ 
lysis of their dibromides, or in other ways. The aromatic sulphoxides can 
also be made by the action of sulphur dioxide or thionyl chloride on 
aromatic hydrocarbons in presence of aluminium chloride.^®®”® 

The sulphoxides are low-melting solids or oils, which boil at high 
temperatures and can only be distilled under greatly reduced pressure; 
for example, methyl sulphoxide (CHglgSO melts at 18-5°^®®; its vapour 
pressure is 0-600 mm. at 26° and 3-07 at 60°, giving an extrapolated 
boiling-point of 192° ethyl sulphoxide ( 02115 ) 28-^0 melts at 4-6° 

C. E. Colby and C. S. McLoughlin, Ber, 1887, 20, 196. 

E. Loth and A. Michaelis, ib. 1894, 27, 2547. 

R. Pummerer, ib. 1910, 43, 1407. 

D. LI. Hammick and R. B. Williams, J,CB, J938, 211. 

T. B. Douglas, J.A,C.S. 1946, 68, 1072. Id. ib. 1948, 70, 2001. 
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and boils at 88-9® under 15 mm,*®®; diphenyl sulphoxide boils with some 
decomposition at 340® under 760 mm. (benzophenone at 307®). The dipole 
moment of dibutyl sulphoxide BugS-^O in benzene is 3-90 while 

that of diphenyl sulphoxide is 4-00*®®; hence by Sutton’s rule*®^ the SO 
group should orient kationoid substituents to the ineta positions. The 
sulphoxides are too unstable for this to be tested directly, but it is an 
indirect proof that an iodine atom in the para position to the SO is hydro¬ 
lysed by alkahes under conditions that leave a meta iodine atom untouched, 
just as when the SO is replaced by an NO 2 . 

That the carbon atoms are attached to sulphur is proved by the forma¬ 
tion of these compounds from and their reduction to the sulphides. The 
predominance of the co-ordinate link as in R 2 S -^0 over the double link 
in RgS^O is shown by their behaviour, which is much more like that of 
an amine oxide R 3 N—>-0 than that of a ketone R^C^O. Thus the alkyl 
sulphoxides at least are very soluble in water; they all show definite though 
weak basic properties. The product of the oxidation of a sulphide with 
concentrated nitric acid has the composition R 2 S 0 ,HN 03 , is soluble in 
water, and is converted into the sulphoxide by treatment with barium 
carbonate, and is obviously a salt [R 2 S - 0—HJNOg. The same is true 
of the dibromides which are made by treating the sulphides with bromine: 
(CH 3 ) 2 SBr 2 is a yeUow solid which is completely hydrolysed by water to 
the sulphoxide and hydrobromic acid, and is clearly a sulphonium salt 
[( 0113)28 • BrJBr. The unsymmetrical sulphoxides RR'SO such as p-amino- 
phenyl tolyl sulphoxide, like the sulphinic esters R-SO OR, can be 
resolted into their optical antimers.*®^'''^ 

The asymmetry of the disulphoxides has been investigated by Bennett. 
If the three links of the sulphur do not lie in a plane, then a disulphoxide 
should give two isomeric forms, a cis and a trans: for example, the dithiane 
derivative according as the two oxygen 

0>c /CHg—CHo\ /fO 0\ /CH2--CH2\ 

and -X X 

\CH2—CH./ \cH2—CH 2 / 

cis trans 


atoms are on the same or on opposite sides of the ring. Bennett and his 
collaborators have shown the existence of this isomerism in a series of 
different compounds.*®*"Of special interest are the oxides of trimethy¬ 
lene trisulphide*®'^ the polymerization product of thioformaldehyde 


S: 


CH2—S' 
CH2—s 


CH 2 , 


and the disulphoxides of thianthrene.*’^ 


G. C. Hampson, B. H. Farmer, and L. E. Sutton, Proc. Roy, Soc. 1933, 143, 

147 . 

L. E. Sutton, ib. 1931, 133, 668. 

462 B. Harrison, J. Kejjyon, and H. Phillips, J,C.S. 1926, 2079. 

J. Holloway, J. Kenyon, and H. Phillips, ib. 1928, 3000. 
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These active derivatives of 3-covalent sulphur racemise very slowly, 
often remaining unchanged for months in the cold; they seem to be as 
stereochemically stable as the carbon compounds, and more so than those 
of nitrogen. If we could assume a molecule R2S=0 to have a plane of 
symmetry like R 2 C= 0 , this stable activity would prove that it is not 
formed; indeed if R 2 S ->0 is pyramidal and R 2 S =0 planar, resonance is 
almost impossible. But we cannot assume this, since the sulphur has not 
an octet but a decet of electrons (2, 8). The arrangement of the co¬ 
valencies of such a decet with a double bond may well be unsymmetrical 
and nearly tetrahedral, so that the activity does not exclude it; it must, 
however, be relatively unstable, because, (1) a double link to sulphur 
always is so (as in S=0), and (2) the ‘inert pair’ with sulphur is very 
rare, and so no doubt is not a stable form. 


R\ 

Sulphones, 


These are the results of replacing both OH groups in sulphuric acid by 
hydrocarbon radicals. They can be made by oxidizing the thioethers or 
the sulphoxides with fuming nitric acid or potassium permanganate, or 
by the action of alkyl halides on the sodium salts of sulphinic acids, which 
involves an intramolecular rearrangement: 


^0 Et\ ^0 

R_g( + Et*I = )S( + NaT. 

\0[Na] R/ ^0 


In the aromatic series they are formed more readily, for example by 
the action of sulphur trioxide on the hydrocarbons (accordingly they are 
by-products in the manufacture of sulphonic acids); by heating the 
sulphonic acids with benzene and phosphorus pentoxide, or even alone; 
or by the action of sulphonic chlorides on the hydrocarbons in presence 
of aluminium chloride. 

The sulphones are isomeric with the sulphinic esters R-SO-OR: that 
they have both hydrocarbon radicals attached to sulphur is almost the 
only possible explanation of the isomerism, and is further supported by 
their formation by the oxidation of thioethers, by their remarkable 
stability, and by the fact that with AICI3 the same sulphone is obtained 
from benzene sulphonic chloride and toluene as from toluene sulphonic 
chloride and benzene. 

The sulphones are colourless solids of great stability, which distil at 


E. V. Bell and G. M. Bennett, ib. 1927, 1798. 

Id., ib. 1928, 86. Id., ib. 3189. 

G. M. Bennett and E. V. BeU, ib. 1930, 1. 

G. M. Bennett and F. S. Statham, ib. 1931, 1684. 

Id., ib. 1690. 

G. M. Bennett, H. Baw, and P. Deams, ib. 1934, 680. 
^'3 T. W. J. Taylor, ib. 1935, 625. 


Id., ib. 1929, 15. 
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high temperatures without decomposition. The lower alkyl sulphones are 
very soluble in water, diethyl sulphone, for example, in 6*4 parts of water 
at 16°. Examples of the melting- and boiling-points are: 



M. pt. 

B. pt. 

Dimethyl sulphone (CH 3)3802 

109° 

238° 

Diethyl sulphone (CjHjljSOa 

70° 

248° 

Diphenyl sulphone (CjHgy^SOj 

1 76° 

379° 


Their great stability is shown by the fact that diphenyl sulphone not 
only boils undecomposed at 379°, but can be distilled unchanged at this 
temperature from zinc dust, and can be heated with yellow phosphorus 
to 250° without reaction. It is, however, converted by PCI 5 at 160° into 
chlorobenzene and benzene sulphonyl chloride. Substituted diphenyl sul¬ 
phones can sometimes^’®“^ break off one aryl group far more easily. 

Aliphatic sulphones, on the other hand, react with potash to form the 
sulphonic acids and the unsaturated hydrocarbons: for example, diethyl 
sulphone gives ethylene and ethyl sulphonic acid.^^^ 

The bromine in R • SOg • CHaBr (where R — alkyl or aryl) is replaceable 
by hydrogen on treatment with the Grignard reagent or with Na SEt or 
Na-OEt in alcohol.'*’^* 

Certain aliphatic disulphones are of importance as drugs. These are the 
bodies formed by condensing ketones with mercaptans (e.g. in presence 
of HCl) and oxidizing the products to disulphones with permanganate 
or otherwise. Thus acetone and ethyl mercaptan give the disulphone 
which is sulphonal: the corresponding product 


CHaV /S.Et CH3V /SOa^Et 


"" CH3/ \s • Et ^ CH3/ ^SOj-Et 
from methyl ethyl ketone is trional, and that from diethyl ketone tetronal. 
The hypnotic action of sulphonal was discovered by Kast in 1888.*^^ 


Oxy-halides of Sulphur 

These may be classified as derivatives of the three types of oxy-acid, 

H—0\ 

sulphoxylic /S, 

H—(K 
H—0\ 

sulphurous /S—)-0 (thionyl X,SO), 

H—0/ 

HO\ ^0 

and sulphuric (sulphuryl XjSO,). 

H(K ^0 

*’» L. A. Warren and S. Smiles, J.C.S. 1931, 2207. 

A. A. Levy, H. C. Rains, and 8 . Smiles, ib. 3264. 

G. W. Fenton and C. K. Ingold, ib. 1928, 3127. 

W. M. Ziegler and R. Connor, J.A.G^. 1940, 62, 2596. 

On these disulphones see further A. R 6 oaei, Ber. 1927, 60, 1420. 
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Either one hydroxyl may be replaced by halogen, in which case the 
product is still an acid, or both. 

We also have the corresponding derivatives of the substituted organic 
acids, such as sulphonic. 

Halogen Derivatives of Sulphoxylic Acid 

The acid chloride is the rather unstable sulphur dichloride SCI 2 described 
below (p. 946). To this group belong also the aryl sulphur chlorides 
Ar • S • Cl and the aryl dithiochlorides Ar • S • S • Cl. 

Aryl Sulphur Chlorides (Ar S Cl) and Bromides 

These can be made^’®'®^ by the action of chlorine on mercaptans at a 
low temperature in CCI4 solution, or on the disulphides: 

O-S-H + CI 2 = O-S-Cl + HCl 
(D.S-S-O + CI 2 = 2a)SCl. 

Phenyl sulphur chloride CeHs-S Cl is a red oil, boiling-point 149° at 
12 mm.; its smell, colour, and absorption spectrum are very like those of 
sulphur dichloride SCI 2 , which it also resembles in its reactions; for 
example, with ethylene it forms CgHg-S CHg-CHg CJ, which has a vesi¬ 
cating action like that of mustard gas. By reduction with zinc or reaction 
with a thiophenol it is converted into a disulphide O S SO. It behaves 
as the acid chloride of the so-called phenyl-sulphenic acid Ar*S*OH; 
thus on treatment with anihne it gives the anilide O-S-NHO, and with 
sodium methylate the ester O • S • OCH3 (b. pt. 88°/4 mm.). 

The corresponding bromide O • S • Br seems to exist, but is too unstable 
to isolate. Pew aliphatic compounds of the R—S—Cl type are known*®^; 
but the tertiary alkyl compounds can be made^®®"^ by the action of the 
halogens on the mercury mercaptides; for example, 

(Me3C.S)2Hg -f 2 I 2 = 2 Me3C.S.I -}- Hgl2. 

The chloride and bromide are too unstable to be isolated. It is remark¬ 
able, since compounds with iodine attached to sulphur are almost unknown, 
that the corresponding iodide is more stable, though even this soon decom¬ 
poses in the cold. 

A curious compound of this type is perchloromethyl mercaptan 
CI 3 C—S—Cl, discovered by Rathke in 1873^®®’^'^"®; it is formed together 

H. Lecher and F. Holschneider, Ber. 1924, 57, 765. 

H. Lecher, ib. 1925, 58, 409. 

480 YoT literature of the earlier work see H. Lecher and M. Wittwer, ib. 1922, 55, 
1474. 

See also T. Zincke 1911-18, and especially Ann. 1918, 416, 86 . 

D. Vorl&nder and E. Mittag, Ber. 1919, 52, 416. 

H. Rheinboldt and E. Motzkus, ib. 1939, 72, 667. 

H. Rheinboldt and F. Mott, ib. 668. 

B. Rathke, Ann. 1873, 167, 196. 

H. Lecher and K. Simon, Ber. 1921, 54, 2249; 1922, 55, 2423. 

J. M. Conolly and G. M. Dyson, J.C.S. 1934, 822, 
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with sulphur chloride by the action of chlorine on cftrbon disulphide in 
presence of a trace of iodine; it is a yellow oil of very unpleasant smell 
which boils at 147^^; it is hydrolysed to carbon dioxide, hydrochloric acid, 
and sulphur; it can be reducqd to thiophosgene S=CCl 2 , and oxidized by 
nitric acid to trichlormethyl sulphonyl chloride CI3C • SO 2 • Cl. 


Aryl Dithiochlorides, Ar • S • S • Cl 

A compound of this series is o-nitrophenyl dithiochloride.^®® It is 
entirely covalent in behaviour, soluble in all organic solvents, gives non¬ 
conducting solutions in ethylene dichloride, and is hydrolysed by water. 
The chlorine has something of the mobility of a diazo-chlorino; it will 
couple with dimethyl aniline to give the disulphide 


Ar—S-~-S 



-N(CH3)2. 


DEKIVATIVES OF SULPHUROUS ACID 
These consist of the thionyl halides SO(hal) 2 , and the halides of the 
sulphinic acids R SO-hal. The molecular structure of the three thionyl 
hahdes has been determined by electron diifraction^^*^"^^; they are pyra¬ 
midal, with the distances S—O 1*45, S—F 1-6, S—Cl 2*05, S—Br 2*27 
(theory S—0 1-70, S—F L68, S -Cl 2 03, S.Br 2*18). 


Thionyl Fluoride 


’F/ 




This can be made by the action of sulphur dioxide on zinc fluoride, or 
of thionyl chloride on a number of metallic fluorides, and on arsenic or 
antimony trifluoride.^^-^ It is a colourless gas, and smells like phosgene; 
it is soluble in ether and benzene. It is the stablest of the thionyl halides, 
whose stability falls off in the order SOFg > SOClg > SOBrg (there is no 
SOI 2 ). It attacks glass at a red heat, but not an iron retort; it does not 
act on Si, Mg, Ni, Cu, Zn, or Hg up to 125"".^^^ It is hydrolysed by water, 
but like many oxyfluorides, only very slowly.^^^ 

The fluorochloride SOFCl can be made^®'^ by treating SOClg with anti¬ 
mony trifluoride and pentachloride; it changes in some months at the 
ordinary temperature into a mixture of the difluoride and the dichloride. 
The physical properties of these compounds arc^**^^ * 



SOF 2 

SOFCl 

SOCI 2 

SOBr^ 

B. pt. 

-43'8‘’ 

4-12-2° 

75-7° 

42-5716 mm. 

M. pt. 

-110-0° 

0 

CO 

7 

-99*5° 

-49-6° 

Trouton 

22-6 

20-7 

21-4 



J. M. ConoUy and G. M. Dyson, J.G,S. 1935, 679. 

D. P. Stevenson and R. A. Cooley, J.A.C'.iS. 1940, 62, 2477. 

K. J. Palmer, ib. I'OSS, 60, 2360. 

See D. M. Yost and H. Russell, Syst, Inorg. Chem., p. 306. 

H. Moissan and P. Lebeau, Ann. Ghim. Phys. 1902, [7] 26, 145. 
H. S. Booth aiid F. C. Moricola, J.A.C.S. 1940, 62, 640. 
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Thionyl Chloride, 


Cl\ 

Cl/ 


s^o 


This can be made by the direct union of sulphur and chlorine monoxide, 
but it is usually prepared by the action of phosphorus pentachloride on 
sulphur dioxide or sodium sulphite. It can be freed from SOgClg by 
heating it with sulphur (when this gives SOg+SgClg) and distilling.^®^ It 
is a colourless hquid.^®® The dielectric constant is 9*05, and the dipole 
moment in benzene at 25° 1*58 The vapour density is normal at 150°, 
and the molecular weight is normal in benzene. The electrical conductivity 
is 2 X 10 “® at 25° (Walden); it will dissolve the iodides of As, Sb, Sn, Hg, 
Co, and tetramethyl ammonium, to give coloured solutions of small 
conductivity. It is far less stable than the fluoride: it begins to dissociate 
near its boiling-point, and at 440° it is about two-thirds dissociated into 
SOg+SoClg+Cla; accordingly its reactions are mainly those of SO 2 +CI 2 . 
It is readily hydrolysed by water. 

Thionyl chloride reacts with ammonia in the gaseous phase to form 
thionylimide H—N=S=0, a gas condensing at —85° to a colourless 
liquid, which polymerizes at —70° to a yellow-brown insoluble solid 
looking like bakehte.^^® 

The remarkable shortness of the S—0 link (p. 930) suggests that there 


is a very large contribution of the 


Cl\ 

form to the resonance, and 
OV 


so is evidence that in this form the valencies of the sulphur decet (2, 8) 
are not planar but p 3 rramidal. 


Thionyl Bromide^ 


Br\ 

Br/ 


S^O 


This can be made by the action of hydrogen bromide on thionyl 
chloride; the yield at —80° is quantitative.^®® 

It is a reddish hquid, less stable than the chloride, and decomposes 
below its boiling-point, though it can be distilled under reduced pressure. 
Its chemical behaviour is just like that of the chloride. Like many other 
possible S—I compounds thionyl iodide SOIg does not seem to exist. 


flALOGEN-SULPHUROUS ACIDS 

HO\ HO\ 

Fluorosulphinic acid and its chlorine analogue 

are unknown, and all attempts to prepare their esters have failed. 


O. Ruff and C. Thiel, Ber. 1905, 38, 649. 

D. L. Cottle, J.A.C.S. 1946, 68, 1380. 

W. C. Schumb and C. H. Hamblet, ib. 1935, 57, 260. 

J. W. Smith, Proc, Roy. Soc. 1932, 138, 154. 

P. W. Schenk, Ber. 1942, 75, 94. 

F. Govaert and M. Hansen, Natuurwet. Tijda. 1938, 20, 77. 
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HAI-OGEN DERIVATIVES OF SULPHURIC ACID 
Of sulphuric acid both the mono- and the di- derivatives are known, 
the first being the halogen sulphonic acids HSOghal (below, pp. 933, 936) 
and the second the sulphuryl hahdes, S 02 (hal) 2 . 


Sulphuryl Fluoride^ SOgFg 

This is formed by burning fluorine in SOg; it can also be made more 
conveniently by heating barium flucrosulphonate^®®: 

Ba{S03F)2 - BaSO^ + SO2F2. 

It is a gas, boiling at —52^^ and melting at —120°. Its vapour density is 
normal. 

It is surprisingly inert—almost as inert as sulphur hexafluoride. Water 
dissolves about a tenth of its volume of the gas at 9°, but it has no action 
on it even if the two are heated together in a sealed tube at 150 °. It is 
not affected by heating either alone or with oxygen up to the softening 
point of glass (ca. 500 °) : or by sulphur or hydrogen chloride below a red 
heat: or by phosphorus or arsenic below their boiling-points, or by sodium 
below its melting-point. It is attacked by hydrogen on heating, and 
slowly combines with ammonia in the cold. It is only slowly absorbed by 
potash, with the production of potassium fluoride, fluorosulphonate, and 
sulphate; this is practically the only reaction in which sulphuryl fluoride 
behaves as a sulphuryl compound.®^® * 

The inertness is no doubt partly due to the thermodynamic stability of 
S —F, as is shown in HSO3F, and we know from the behaviour of its 
organic compounds that the group > XFg is more stable than > XF 
(VII. 1125 ) ; but it must also have a very high heat of activation, which 
is characteristic of atoms exerting their maximum covalency, and suggests 
the structure 



the low boihng-point ( — 52°: SOgClg boils at -|-69°) also supports this. 
The greater reactivity of SO 2 CI 2 may be due to the chlorine being much 
more prone to ‘back-co-ordination’, and so favouring forms like 


a/ V)’ 


The mixed halide SO 2 FCI has been made^*^^ by heating sulphuryl 
chloride with antimony tri-fluoride and pentachloride under pressure; 
b. pt.-f 7*1°, m. pt. —124*7°, Trouton constant 22*6. 

600 Traube, J. Hoerenz, and F. Wunderlich, Ber, 1919, 52, 1272. 

*01 H. S. Booth and C. V. Herrmann, J.A,C,8, 1936, 58, 63. 
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Fluorosulphonic Acid 


Fluorosulphonic Acid, 




This which boils at 162*6°, is reasonably reactive, and in 

general resembles chlorsulphonic acid HSO3CI, so that no doubt it has 
mainly the structure given above. It reacts much less readily than 
chlorosulphonic acid, but this difference is fully accounted for by its much 
greater thermodynamic stability. It is stable by itself up to 900°, but it 
is remarkable that in the presence of sulphur it is completely decomposed 
even at its boihng-point (163°) into SOa and It is incompletely 

and reversibly hydrolysed by water^®®^'^; a mixture of 12 moles each of 
H2SO4 and HP, and 20 moles H2O have at equilibrium 1 mole of HSO^P 
(determined by precipitation as the nitron salt). The effect of the water 
can be to a considerable extent neutralized by the addition of strong 
acids, such as HCIO4 or HNO3 or benzene sulphonic, apparently because 
the water is removed by hydrating them.®^® Also the hydrolysis of the 
acid by water in the cold is a slow reaction: with one mole of HSO3P per 
htre the half change takes 2 days. The anhydrous acid does not attack 
glass even when hot, and can be prepared®®^ by distilling a mixture of 
KHP 2 and oleum from a Jena glass flask up to 250°. 

The salts of this acid are correspondingly stable; they are only slowJy 
hydrolysed even by warm water (and even in presence of acid), and can 
be recrystaUized from it.^®^ With ammonia they form sulphamates 
M[S 03 NH 2 ].®^^ These salts are remarkable in other ways too. They are 
ve^r similar^®^® in solubility and crystallographic properties to the salts 
of CIO4, MnO^, POgP'a, and BP4, often forming mixed crystals with them. 
Thus HSO3P forms a stable diazonium salt (as does HBF4), and like HBP4 
and HCIO4 it forms a nitrosyl salt [NOjSOaP, which is produced, along 
with [N 0 ]HS 04 , when NO is passed into the acid. CSSO 3 P has a crystal 
lattice of the scheehte (CaW 04 )®^^ type. 


Esters of Fluorosulphonic Acid, RO SOgF 
These also are remarkable. The alkyl esters are made®®® by two rather 
unusual methods. The first is by the reaction of the acid with an ether, 
for example, by passing dimethyl ether into the acid. The reaction 

AlkaO + 2 HSO 3 F = 2 Alk.O*S02*F + HgO, 

602 Traube, J. Hoerenz, and F. Wunderlich, Ber. 1919, 52, 1272. 

O. Ruff and H. J. Braun, ib. 1914, 47, 646; O. Ruff, ib. 656. 

604 Traube and E. Reubke, ib. 1921, 54, 1618. 

E. Wilke DSrfurt and G. Balz, ib. 1927,60,115; Z. anorg, Chem, 1927,159,197. 
W. Lange, Ber. 1927, 60, 962. 

W. Lange and E. Muller, ib. 1930, 63, 2653. 

608 J] Wilke D5rfurt, G. Balz, and A. Weinhardt, Z. anorg, Chem, 1930, 185. 417. 
J. Meyer and G. Schramm, ib. 1932, 206, 24. 

W. Lange, ib. 1933, 215, 321. 

611 Traube and E. Brehmer, Ber. 1919, 52, 1284. 

H. Seifert, Z. Krist. 1942, 104, 386. 
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goes quite easily in the cold, but the yield is not very good, owing to the 
occurrence of by-reactions. For making the ethyl ester a better method 
is to pass ethylene into the acid. 

The esters are volatile liquids, the methyl ester CHgO SOg-F boiling 
at 92°, and the ethyl at 114°. They have a very unpleasant smell, and 
are lachrymators. They are immiscible with water but are soon hydrolysed 
by it; they etch glass, and are decomposed by strong acids. The methyl 
ester converts phenol into anisol. 

The aryl esters are made in an entirely different way.^*^*^ The diazonium 
salts of many complex halides decompose on heating to give the arj^l 
halide, nitrogen, and the inorganic halide: for example, 

Ar.N 2 [BF,] Ar.F + + HF 3 . 

The salts of HPFg, HoSnCle, and HgPtCle behave in the same way. The 
diazonium fluorosulphonates are stable salts, which decompose somewhere 
near 100° quite quietly, but the result of this decomposition is found to 
be merely the elimination of m'trogen and the formation of the aryl ester 
of fluorosulphonic acid: 

Ar.N2[S03F] = Ar-SOgF + N2. 

(The perchlorates under these conditions explode violently, possibly with 
the intermediate production of an unstable aryl perchlorate.) The phenyl 
ester boils at 180°/760 mm., and its vapour density is normal (HSO3F hke 
HF must from its high boiling-point be associated); it seems to be more 
stable than the alkyl esters, but this may be due only to its smaller 
solubility; it is not acted on by dilute acids, but is slowly hydrolysed to 
sulphuric acid by alkalies; it does not attack glass; it is volatile without 
decomposition in steam. 

Alkyl and Aryl Sulphonyl Fluorides 
These compounds, R • SOg • F, also differ from the corresponding chlorides 
in being much less reactive.®^®"^® 

The aryl sulphonyl fluorides can be made®^® by the action of fluoro¬ 
sulphonic acid on the aromatic hydrocarbons, on their sodium sulphonates, 
or on their sulphonic chlorides. A better method available in the aliphatic®^® 
as well as in the aromatic®^^ series is to boil the sulphonic chloride with 
a saturated aqueous solution of a soluble metallic fluoride, such as potas¬ 
sium fluoride. This needs the presence of water; toluene sulphonic chloride 
gave no reaction when boiled with dry zinc fluoride for 5 days, but on 
adding water or steam the conversion was complete in an hour. 

These are volatile compounds, for example: 

CH 3 SO 2 F b. pt. 124*^ CeHj.SOjF b. pt. 207^^ 

C 2 H 5 .SO 2 F „ 136° o-tolSOgF „ 224° 

cy. Hexyl.SO3F „ 218° 

618 Steinkopf, J. prakt Chem. 1927, ii. 117, 1, 

W. Davies and J. H.’ Dick, J,C.S. 1931, 2104. 

Id., ib. 2042. 


Id., ib. 1932, 483. 
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They have no unpleasant smell, but smell rather like the alkyl or aryl 
halides. They are far less reactive than the corresponding chlorides; they 
can be boiled with water or steam-distilled without hydrolysis; they only 
react slowly with amines or with boiling water: they do not react with 
pyridine in the cold, as the chlorides do, nor do they lose SOg when treated 
with AICI3. The aryl compounds share this inactivity, but it can be greatly 
modified by certain substituents in the ring.®^® 


Sulphuryl Chloride^ 


Cl\./0 


This is formed by the direct combination of sulphur dioxide and chlorine, 
which occurs at the ordinary temperature, but very slowly except in the 
presence of certain catalysts. In the cold, equilibrium in the reaction 

SO2 + CI2 SO2CI2 

is almost wholly on the right-hand side, but even at 100° there is some¬ 
thing like 90 per cent, dissociation. 

A great variety of catalysts have been used to promote this reaction; 
nearly all are organic substances, including under that name active 
carbon.®^’ Camphor is the commonest, but ethylene, acetic acid, ketones, 
and aldehydes have been used.^^® According to Durrans®^® saturated 
hydrocarbons and acids are useless, but limonene, pentene, esters, and 
ketones are active. Little or nothing is known of the way in which these 
substances act, but camphor forms a liquid containing a large percentage 
of sulphur dioxide. 

Sulphuryl chloride is a colourless liquid, meltiug at —46° and boiling 
at 69*3°. Its vapour density is normal up to 130° (this does not represent 
the true equilibrium, at which it is largely dissociated), and so is its 
molecular weight as determined cryoscopically in benzene. The Trouton 
constant is 20*7. Electron diffraction®^® shows that the molecule is 
tetrahedral, with the distances S—O 1-43, S—Cl 1-99 A, and the angles 
O—S—0 120 °, Cl—S—Cl 111 °, Cl—S—0 106*5° (see SOXg, p. 930). 

Sulphuryl chloride dissolves many substances, such as SOg, I 2 , 
EeClg, iodides of Rb, Hg, Cd, As, Sn, and the substituted ammoniums. 
Solutions of SO 2 and of Ig have no measurable conductivity; those of salts 
have a low conductivity, except the tertiary and quaternary ammonium 
salts, which conduct well, 

Sulphuryl chloride is hydrolysed very slowly by water. It reacts on 
heating with metaUic oxides to give the chlorides and sulphates in various 
proportions,®^® and the vapour converts metallic sulphides into their chlor¬ 
ides. In organic chemistry sulphuryl chloride is an active chlorinating 


H. Daimeel, Z, angew, Chem, 1926, 39, 1563. 

H. Daimeel and W. Hesse, Z. anorg, Chem, 1933, 212, 214. 

T. H. Durrans, J, Soc, Chem, Ind, 1926, 45, 347. 

Yost and Russell, Syst, Inorg. Chem, 308. 

H. Daimeel and F. Schlottmaim, Z, anorg, Chem» 1933, 212, 226. 

6114.2 ^ 
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agent either when heated or in presence of aJuminiiiin chloride, but not by 
itself in the cold. 

Ghlorofluoride, 

This has been made^^^ from sulphuryl chloride by fluorination with 
antimony trifluoride and antimony pentachloride, best at 300'' and under 
4 atm. 

SOgClF is a gas with the normal density, melting at —124*7° and boiling 
at +7-l°. The Trouton constant is 22*6. 

The gas is hydrolysed at once by water, and absorbed rapidly by an 
alkaline solution; it has a pungent smell like SO 2 CI 2 , but does not fume 
in air. 

Sulphuryl bromide and iodide do not seem to exist. 




Chlorosulphomc Acid, 


H-O x /O 

Cl/No 


This is formed by the combination of hydrogen chloride and sulphur 
trioxide: by the action of phosphorus pentachloride on oleum, or more 
usually by treating oleum with hydrogen cliloride. It is much less stable 
than the fluorine compound; it dissociates readily, and in consequence it 
is difficult to purify and its physical constants are not very certain. It 
boils at 151° (lower than fluorosulphonic acid) and melts at —80°; the 
boiling-points of these halides are compared in the table: 



SOXa 

SOaXg 

HSO 3 X 

HX 

1 CH.X 

X = F 

- 30° 

- 52° 

4-162*6° 

4- 19*5° 

0 

00 

1 

X = Cl 

+ 79° 

4- 69° 

4-151° 

-■ 83° 

0 

1 

DifiF. 

4-109° 

^ 4 - 121 ° 

- 11 ° 

-102*5° 

4-54° 


The heat of evaporation at the bofling-point is 12*86 k.cals.^^a. gives 
the enormous Trouton constant of 30*4, due probably to the large dissocia¬ 
tion at the boiling-point. Solutions in chlorosulphonic acid have a very 
small conductivity (Walden). 

The acid is violently—almost explosively—decomposed by water; its 
salts are almost impossible to prepare, but an ammonium salt [NH 4 ]S 03 C 1 
has been made. It is an energetic chlorinating and (for hydrocarbons) 
sulphonating agent. 

Its esters have been prepared^^; they can be made from SOgClg, and 
are lachrymators. The boiling-points are: ti-Bu 76-77°/13 mm.; n-Am. 
75~75°/4 mm. 

H. S. Booth and C. V. Herrmann, J,A,C,S. 1936, 58, 63. 

J. Ogier, O.JB. 1883, 96, 16, 646, 647. 

R. LevaiUant, ib. 1933, 197, 336, 648. 
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Chlorides^ 

These are formed by the action of phosphorus pentachloride on the 
salts of the sulphonic acids (ahphatic, Beilstein, iv. 5; aromatic, ib. xi. 
34-6). They are colourless hquids or solids, which boil usually undecom¬ 
posed at rather high temperatures: for example; 



B, pt. 

M. pt. 

CHj.SOaCl 

161*57730 mni. 


CaH^-SOaCl 

177*57760 mm. 

. • 

CeHjSOa-Cl 

2627760 mm. 

14*5^ 


Their dipole moments (in benzene or dioxane) are very high.®^® 


R 

R.SOaCl 

RSOaNHa 

Phenyl 

4*54 

4*75 D 

j3-tolyl 

6*01 

5*02 


They are readily hydrolysed by hot water, but only slowly by cold, and 
can be purified by washing with water. This is partly due to their very 
shght solubility in water. 

These compounds, especially the aromatic, are important reagents in 
organic chemistry. They are readily reduced, first to the sulphinic acids 
and then to the mercaptans or thiophenols. They have the usual properties 
of acid chlorides of giving esters, amides, and anhydrides. 




Sulphonyl BromideSy 


Br/ \0 


These have long been known.^^® For example, C 2 H 5 S 02 -Br, b. pt. 
8 O 713 mm.527 and ?i-Bu-S 02 Br, b. pt. IO 2711 mm. 

It is interesting, in view of the marked way in which the affinity of 
sulphur for a halogen always falls off with a rise of the atomic weight of 
the halogen, to see that these bromides are much less stable than the 
corresponding chlorides (not to mention the fluorides). In particular they 
are readily reduced on heating by a mixture of PBr 5 and PBrs, or even 
in some case by PBrs alone (or PBra+Brg) to the disulphides: 


2 R SO^Br + 5 PBrg = PBr^ -f 4 FOBr^ + R S S R. 


This reaction occurs both with the aryP^s ^nd with the alkyP^® derivatives. 
It does not occur with the chlorides, nor if the bromides are heated with 


^26 E. N. Gurganova, Acta phys. Ghem. U,R,S.S. 1941, 14, 164. 

R. Otto, Ann, 1867, 142, 98. 

*^27 E. Cherbuliez and O. Schnauder, Helv, Chim. Acta, 1923, 6, 249. 
A. H. KohUiase, J.A,C,S, 1932, 54, 2441. 

W. H. Hunter and B. E. Sorenson, ib, 3364, 3368. 
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phosphorus trichloride. This is the more remarkable since the reaction 
should be more exothermic with chlorine than with bromine.^^® 

PERACIDS OF SULPHUR 

Of these acids, which contain the peroxide link —0—0—, there are 
two, persulphuric acid HgSgOg and sulphomonoperacid H 2 SO 5 , also known 
as ‘Caro’s acid 

0—SO 2 —OH 

Persulphuric Acid^ H2S20g = I 

0—SO 2 —OH 

This acid, of which S 2 O 7 , if it really exists (see p. 903), is presumably 
the anhydride, is made by the electrolysis of sulphuric acid, or by treating 
hydrogen peroxide with chlorosulphonicacid. The electrolysis needs special 
precautions, because H 2 S 2 O 8 hydrolyses to the monoperacid H 2 SO 5 . 

Persulphuric acid is a crystalline solid, which melts at 65° with decom¬ 
position ; in the pure dry state it keeps better than H 2 SO 5 , but it always 
has a smell of ozone. It is very hygroscopic, and is hydrolysed by water 
(see below). It reacts with orgaiiic compounds more violently than H 2 SO 5 ; 
it explodes with alcohol or ether, and carbonizes paraffins slowly. 

It was shown by H. Palme^^® that in 5 to 10 times normal sulphuric 
acid, H 2 S 2 O 8 decomposes through the following stages: 

(1) H2S2O8 —> H2SO, + H2SO4 

(2) H2SO, -> H2SO4 + H2O2 

(3) H 2 O, -> Oo 

The salts arc best prepared by the oxidation of sulphates, but they can 
also be made by the action of fluorine on an aqueous solution of KHS 04 .^®^ 
The persulphates are comparatively insoluble, there being a marked rise 
in solubility in the order K < Rb < Cs < T1; which would normally 
indicate a weak acid. The acid is of course a powerful oxidizing agent. 

The conductivities and the freezing-points of solutions of its salts in 
water^^^ indicate that the alkaline salts break up into three ions—i.e. that 
the formula of the acid is H 2 S 2 O 8 and not HSO4. The formation (see 
below) of H 2 SO 5 from chlorosulphonic acid and hydrogen peroxide, and its 
further conversion by more HSO3CI into H 2 S 2 () 8 , as well as the course of 
hydrolysis of H 282 O 8 given above, all support this doubled structure, and 
suggest the formula 

O—SO 2 —OH 

i— sOjj— oh’ 

This conclusion has been confirmed and made more precise by the work 
of Mooney and Zachariasen,®^^ who showed that in the ammonium and 

*•30 Z. anorg. Chem. 1920, 112, 97. 

*3^ F. Fichter and K. Humpert, Helv. Chim, Acta^ 1923, 6 , 640. 

632 Pqj. references see Abegg, p. 498. 

*33 K. C. L. Mooney and W. H. Zachariaseu, Phys. Reo, 1933, [ii] 44, 327. 
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caesium persulphates the SgOg ion is made up of 4wo tetrahedral SO 4 
groups joined to one another through two oxygen atoms, the O—0 hnk 
passing through a centre of symmetry. The distance from each S to each 
of its four neighbouring O atoms is 1*50 A, and that between the two 
linked 0 atoms is 1*31 A (theory S—O 1-70, S —0 1*49; O—0 1*32, 0—0 
1 -10). The angle at each of these linking oxygens in the group 

0—0 

/ \ 

s s 

was found to be 128"^. 

Sulphomonoperacid {Caro's Acid)^ H2SO5 

This can be made by the electrolysis of sulphuric acid, or the action of 
vsulphuric acid on a persulphate, or of hydrogen peroxide on sulphuric acid 
or chlorosulphonic acid. The solid acid has been made^^V^ by treating 
chlorosulphonic acid with the theoretical quantity of 100 per cent, hydrogen 
peroxide. 

It forms large hygroscopic crystals melting at 45^^, which keep for weeks 
if they are y)ure. It does not attack pure paraffins, and is soluble in 
alcohol, ether, acetic anhydride, acetonitrile, and acetic acid^^®; but it 
explodes when mixed with aniline, benzene, phenol, etc. 

Its first dissociation constant is very large and the second very small; 
the freezing-point in water gives a molecular weight of 55, whereas half 
of H 2 SO 5 = 57. It titrates as a mono-basic acid with soda, but as dibasic 
with baryta, because this latter hydrolyses it to sulphuric acid'’^'^"® (possibly 
owing to the insolubility of barium sulphate). In water it is slowly 
hydrolysed to sulphuric acid and hydrogen peroxide. High concentration 
of H 2 SO 4 hastens this, but in presence of phosphoric acid, or of 8 per cent. 
H 2 SO 4 , it is fairly stable. The acid solutions are more stable than those 
of persulphuric acid, but the neutral and alkaline are less stable. 

Potassium iodide liberates iodine at once with HgSOs, even in great 
dilution, though it forms it only slowly with persulphuric acid, and 
scarcely at all with hydrogen peroxide. 

A mixture of sulphomonoperacid and potassium permanganate is an 
extraordinarily strong oxidizing agent; it is decolorized by benzene at 
once,®^® and converts aniline into nitrosobenzene, and phenyl iodide into 
iodosobenzene. ^ ® 

The formula H 2 SO 5 was proposed by Baeyer, and is supported by the 
production of the acid by the hydrolysis of HgSgOg; it was established by 

J. d’Ans and W. Friederich, Ber, 1910, 43, 1880. 

Id., Z. anorg. Ghem. 1912, 73, 325. 

G. Toeimies, J.A,C.S, 1937, 59, 652. 

H. Ahrle, J. prakt. Chem. 1909, [2] 79, 129. 

Id., Z. angew, Chem. 1909, 22, 1713. 

A. V. Baeyer and V. Villiger, Ber. 1900, 33, 2488. 

Id., ib. 124. 
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Willstatter and Hauenstein,®^^ who showed that salts of sulphomonoperaoid 
with benzoyl or benzene-sulphonyl chloride give salts of the composition 
M • Ac • SOs (Ac ~ ArCO or Ar • SOg). If the acid was H 2 S 2 O 9 , since it takes 
up 1 acyl to every S, it should give AC 2 S 2 O 9 , which would not be an acid 
at all, and so could not give a salt. 

The salts of H 2 SO 5 have not yet been obtained in the pure state. 

With the formula HaSOs, and a peroxide link, the acid must be (in the 
ionized state) 




ro—0\ 




o 

o 


THIONIC ACIDS 

These acids have the general formula H 2 S^ 06 , where n ^ 2, 3, 4, 5, 
and 6 . The n§.me 8 trithionic and tetrathionic were invented by Berzelius. 

The structures of these acids cannot be certainly known until they have 
been confirmed by the X-ray analysis of the crystals. This has so far only 
been done for the first two, of which the ions have been shown to be 


( 

i 

) f 

u 

) 

/ k, 

i 

) c 

) 


Dithionic**^^ 


0 


o— 


o 


'S—0 


i i 

Trithionic®^® 


The dithionic anion has the sulphur atoms tetrahedral and the trigonal 
axis along S—S; S—S is 2*08, S —0 1-50 (theory S—S 2*08; S —0 1-70, 
S=0 1-49). 

It is usually assumed (for reasons given later) that the remaining acids 
are formed from trithionic by the co-ordination of one, two, or three 
sulphur atoms to the central sulphur, the ions being 


O3S—1—SO3 

s 

t 

OaS-^SO, 

.s 

t 

OaS—S—SO3 


Y 

s 

1 

Tetrathionic 

Pentathionic 

Hexathionic 


D%tIh%OTt%o A.c%dy 112820)0 



This acid in many ways stands apart from the rest.®^^ The fact that it 
is formed by the oxidation of sulphur dioxide, while the other thionic 
acids are formed by its reduction, though true, is a mere stoichiometric 

R. Willst&tter and E. Haueristein, Ber. 1909, 42, 1849. 

H. Bames ajid A. V. Wendling, Z. Krist, 1938, 99, 153. 

W. H. Zachariasen, ib. 1934, 89, 529. 

See E. H. Fieeenfeld and G. W. Feld, Z. anorg, Ghem. 1921, 119, 225. 
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necessity, since the successive stages of polymerization of sulphurous acid 
would give: 

2 H2SO3 = H^S^Oe - H2O + H2S2O5 

3 H 2 SO 3 = HgSsOa - 2 HaO + H 2 S 3 O 7 

4 H 2 SO 3 - H8S40,2 - 3 H 2 O + H 2 S 4 O 3 

5 H 2 SO 3 H 10 S 3 O 15 - 4 H 2 O + HaS^On 

6 H 2 SO 3 - HiaSgOie - 5 H 2 O + 

A much stronger argument is that the higher acids can be made by 
treatment with alkali to lose sulphur until finally they are reduced to 
trithionic acid, but the loss will go no further; it is indeed possible to 
make trithionic acid lose sulphur by treatment with potassium cyanide, 
but then the product is not dithionic acid but sulphurous and sulphuric. 
Again, unhke the higher thionic acids dithionic acid is unaffected by strong 
oxidizing agents, even by concentrated nitric acid in the cold; nor will it 
take up sulphur to form the higher thionic acids. 

These differences support the formulae suggested above; we may assume 
that any co-ordinated sulphur atoms can be removed from a thionic acid 
in this way, or can be added on by the action of colloidal sulphur, but that 
all these reagents leave the —S—S— and —S—S—S— chains intact. 

Dithionic acid is made by the oxidation of sulphurous acid, being formed 
by the combination of two HSO 3 groups. Hence the oxidizing agent must 
not react too quickly, or it will convert the H 2 SO 3 into H 2 SO 4 . The agents 
usually employed are therefore especially sohd substances, which act only 
on the surface, and so give a low concentration of oxidizing agent: such 
are Mn 02 (most often used, especially in the finely divided or precipitated 
state), ferric hydroxide, or cobaltic hydroxide Co(OH) 3 ; Caro’s acid can 
also be used, since it forms H 2 O 2 slowly: but H 2 O 2 itself, or barium 
peroxide, oxidize it straight to sulphuric acid. 

It is prepared by the oxidation of HgSOg with finely ground Mn 02 . 
From the solution baryta precipitates all the oxy-acids of sulphur present 
except the dithionate, which can thus be separated. The free acid, 
obtained from the barium salt by precipitation wdth sulphuric acid, can 
be concentrated in vaciw to sp. gr. 1*347, but then begins to decompose 
into SO 2 and H 2 SO 4 . 

No acid salts have been obtained, and so Kolbe thought that the acid 
was HSO 3 ; but Ostwald showed from the conductivity that the sodium 
salt is tri-ionic in water, and the freezing-points of the solutions confirm 
this. 

The acid is slowly oxidized by air; zinc or sodium amalgam reduce it 
to H 2 SO 3 . 

The salts are all soluble in water, like the nitrates and chlorates. The 
alkaline and alkaline earth salts are stable in water up to the boiling-point, 
but the others decompose to give SOg and sulphates. In the dry state 
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this change occurs reversibly at a definite temperature depending on the 
metal, 

For the (unexplained) values of the X-ray absorption edges with the 
dithionates see reference 

Trithionic Acid^ HgSgO^ 

This is formed by the action of sulphur dioxide, or of hydrogen peroxide, 
on a thiosulphate: 

3 SO 2 + 2 K,SA = 2 KaSaOe + S. 

At the same time the free sulphur is partly taken up, with the formation 
of tetra- and pentathionate. Whether the tri- or the tetra-thionate sepa¬ 
rates is merely a matter of solubilities: for example, if it is aniline thio¬ 
sulphate which is used, the tetrathionate separates out.^*^"® The salt can 
also be made by shaking strong aqueous potassium hydrogen sulphite 
solution with a solution of sulphur dichloride in hght petroleum below 

The free acid is known only in aqueous solution. 

Tetrathionic Acid^ Hj^S 40 g 

This is made, as has already been described under trithionic acid, by 
the action of sulphur dioxide on a thiosulphate. It is also made by the 
action of iodine on a thiosulphate: 

2 Na 2 S 203 + I 2 = Na 2 S 406 -f 2 Nal, 

or by treating a saturated aqueous solution of sulphur dioxide below 0° 
with a solution of sulphur dichloride in hght petroleum.^^^ 

The free acid is only known in solution. The salts are all soluble in 
water, but the solutions on evaporation usually decompose into a tri- 
thionate and free sulphur. On the other hand they combine with nascent 
(though not with ordinary) sulphur to form pentathionates. 

The crystal structure of potassium tetrathionate seems to be very 
comphcated.®®® 

Pentathionic Acid^ HgSgOg 

This can be made by the action of freshly separated sulphur on a tetra¬ 
thionate, but it is usually obtained from 'Wackenroder’s solution', of 
which it is a main constituent. This solution is made by passing HgS at 0° 
into water saturated with SOg, as long as it is taken up. The solution®®^ 
is very complex, and contains much free sulphur; but if it is treated 
with potash and allowed to evaporate, a mixture of potassium tetra- and 
pentathionate separates. 

645 Tammann and W. Boehme, Z. anorg. Chem. 1932, 204, 143. 

R. E. Winger ewid D. M. Yost, Proc. Nat. Acad. Sci. 1929, 15, 462. 

E. Josephy and E. H. Riesenfeld, Ber. 1927, 60, 252. 

648 Foerster and K. Centner, Z. anorg. Chem. 1926, 157, 45. 

H. Stamm and M. Goehring, ib. 1942, 250, 226. 

G. Tunell, H. E. Merwin, and C. J. Ksanda, Amer. J. Sci. 1938, [v] 35, A, 361. 

H. Debus, J.G.8. 1888, 53, 278-357. 
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A solution of the salt decomposes on standing to give the tetrathionate 
and free sulphur. 

Hexathionic Acid, HgSgOg 

Salts of this acid can be made by the action of concentrated hydro¬ 
chloric acid on a thiosulphate, in presence of a trace either of arsenious 
oxide^®^'®®^~® or of potassium nitrite.®®^ The formation in presence of 
nitrite is obscure; an intermediate green compound is formed which then 
loses its colour with evolution of nitric oxide. The salts are stable when 
dry, but in solution they slowly decompose to give pentathionate and 
free sulphur; in 6 weeks in this way one atom of sulphur had separated 
from every 2 SeOj.®®® In alkahne solution the decomposition is quicker. 

Alkaline sulphites convert hexathionates, as they do penta- and tetra-, 
to trithionates,®®® 

SULPHUR AND THE HALOGENS 

The reactions of the different halogens with sulphur are usually so different 
that it is better to treat them separately. 

SULPHUR AND FLUORINE 

Five compounds of these elements have been described, ( 1 ) S 2 F 2 , ( 2 ) SFg, 
(3) SF 4 , (4) SFe, (5) SgFjo- Of these the last two are quite certain and the 
first nearly so; the second is doubtful and the third almost certainly 
wrong. 

Sulphur Hexafluoride 

This remarkable substance was discovered in 1900 by Moissan,^®"^”® who 
made it from its elements; for later work see references 

It is a gas which melts at —50-7° C., and sublimes under one atmosphere 
at —63*8°: the critical temperature is +54°.®®® The solid is dimorphic 
with a transition point at 94*3° K, a melting-point at 222*5° K (—-50*7° C.), 
a heat of transition 0*384 and of fusion 1*201 k.cals./mole.®®^ It has a 
normal vapour density, and is very slightly soluble in water and rather 
more in alcohol. It is surprisingly stable, behaving more like nitrogen 

A. Kurtenacker and A. Czemotzky, Z. anorg. Chem, 1928, 174, 179. 

E. Weitz and F. Achterberg, Ber. 1928, 61, 399. 

J. R. Partington and A. F. Tipler, J.C,S. 1929, 1382. 

A. Kurtenacker and K. Matejka, Z. anorg. Chem. 1936, 229, 19. 

For further work on the thionic acids, and especially on their reactions with 
sulphurous and with thiosulphuric acid, see H. Stamm, O. Seipold, and M. Goehring, 
ib. 1941, 247, 277. 

H. Moissan and P. Lebeau, C.R. 1900, 130, 865, 984. 

Id., Ann. Ghim. Phys. 1902, [7] 26, 145. 

659 ^ Q Schumb and E. L. Gamble, J.A.C.S. 1930, 52, 4302. 

D. M. Yost and W. H. Claussen, ib. 1933, 55, 888. 

O. Redlich, T. Kurz, and P. Rosenfeld, J. Chem. Phys. 1934, 2, 619. 

D. M. Yost, C. C. Steffens, and S. T. Gross, ib. 311. 

E. B. R. Prideaux, J.G.S. 1906, 89, 316. 

A. Eucken and E. Schrdder, Z. physihal. Chem. 1938, B 41, 307. 
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than a halide of sulphur. It can be heated in glass up to the softening 
point of the latter without change, and without attacking the glass. It 
is not absorbed by fused potash or fused lead chromate: it is unaffected 
below a red heat by fluorine, chlorine, iodine, oxygen, hydrogen, boron, 
silicon, carbon, copper, magnesium, hydrogen chloride, or ammonia. 
Sodium melted in it retains its bright surface until it begins to boil, when 
combination takes place. Phosphorus and arsenic can be distilled in it 
unchanged. It is only slowdy decomposed even by a powerful electric 
discharge, either alone or when mixed with oxygen or hydrogen. Super¬ 
heated vapour of sulphur or selenium decomposes it, forming apparently 
lower fluorides, which at once attack the glass. 

When it was first discovered, its composition and its properties were 
equally unexpected: but it is now clear that each of the 6 valency electrons 
is shared with a different fluorine, and that the stability is due to the 
valency group being of the maximum permissible size, and wholly shared. 
This conclusion is much strengthened by the fact that SeFg (where the 
covalency maximum is still 6 ) show'^s a similar stability, whereas TeFg, 
though similar in physical properties, is hydrolysed by water, since the 
CO valency maximum has now expanded to 8 . Yost and Claussen®®® have 
fully confirmed these conclusions, in two ways: the}^ have re-examined 
the differences in reactivity between SeF^ and TeFe, and confirmed and 
extended them, and by a careful determination of the thermodynamic 
properties they have shown that thermodynamically SFg should be com¬ 
pletely hydrolysed by water at 25°, so that its inertness is due to the 
magnitude of the heat of activation. 

Sulphur Demfluoride, SgFio 

This was discovered by Denbigh and Whytlaw-Gray^^® on fractionating 
the product of the action of fluorine on sulphur. It is a liquid boiling at 
and melting at —92°. The Trouton constant is 23*0, and the 
parachor 236:^4. Like SFg it is chemically inactive, and obviously for 
the same reason, having the same 6 -covalent sulphur atom, F 5 S— SF^. 

[Sulphur Tetrafiuoride] 

This compound, which would indicate the presence of the inert pair in 
sulphur, was described by Fischer and Jaencknerin 1929®®®: but as this 
‘preliminary communication' has not been followed by another one, and 
no subsequent worker has obtained the compound, it presumably does 
not exist. 

Sulphur Difluoride^ S2F2 [and ? SFg] 

It is clear that there is a lower fluoride of sulphur, which is far more 
active and is absorbed by potash. This was found by Moissan, by Whytlaw- 
Gray (who says it boils at —90°), and others, among the products of the 

K. G. Denbigh and R. Whytlaw-Gray, J,C,S, 1934, 1346. 

J. Fischer and W. Jaenckner, Z. angew, Chem. 1929, 42, 810. 
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action of jfluorine on sulphur. It was also made by Centnerszwer and 
Strenk,^®’“® by the action of sulphur on silver or mercurous fluoride, but 
later Strenk®®® says that it attacks glass, and so the earher work cannot 
be trusted. Trautz and Ehrmann®"^® find that the substance readily 
decomposes to give sulphur and a fluoride SFg, and that it is not possible 
to get either of these compounds pure. These conclusions have been 
confirmed by Dubnikofi* and Zorin,who make the SgFg by the action 
of excess of sulphur on silver fluoride at 200°, and find that at higher 
temperatures it decomposes to S+SFg. It seems quite probable that the 
lower fluorides have these two formulae, like the chlorides SgClg and SClg: 
there is no doubt that some lower fluoride exists, and that it is very 
reactive. 

SULPHUR AND CHLORINE 

Sulphur and chlorine can be mixed in the hquid state in all proportions, 
and the number of compounds which they form is large, and not quite 
certain. SCI4, SClg, S 2 CI 2 , SgClg, and S4CI2 have all been described: of these 
the first three certainly exist, and one at least of the last two. Aten®"^^ has 
shown from the pressure and composition of the vapour given off* by 
mixtures of the two elements, that there is a definite compound S 2 CI 2 
which at its boiling-point (138°: m. pt. —80°) is only shghtly dissociated 
in the vapour, and another compound SClg which is only slowly formed 
from S 2 CI 2 and chlorine; it melts at about the same temperature as SgClg, 
and boils at +59°, but with very considerable dissociation. 

Sulphur ‘rnonocMoride’ S 2 CI 2 behaves as a non-associated covalent 
hquid. Its molecular weight is S 2 CI 2 according to the vapour density, and 
by the freezing-point in acetic acid, benzene, etc.: by the boiling-point in 
phosgene, ethyl chloride, sulphur dioxide, and even in hquid chlorine, since 
it combines with it to SCI 2 only slowly. It has a dielectric constant of 4*9 
at 22°, a dipole moment of 1*60 and is a non-conductor. 

The exchange of radioactive sulphur with the monochloride is very 
slow in the cold, but measurable at 100° 

S 2 CI 2 is decomposed by water to give sulphur, H 2 S, sulphite, thio¬ 
sulphate, and in acid (not in alkaline) solution much polythionic acids, 
especially the penta.®"^^ 

M. Centnerszwer and C. Stronk, Ber. 1923, 56, 2249. 

Id., ib. 1925, 58, 914. 

C. Strenk, Latvij Univ. Edksti, 1930, 1, 233; B.C,A, 1930, 1538. 

M. Trautz and K. Ehrmann, *7. prakt, Ghem, 1935, [ii] 142, 79. 

•'>70® M. Dubnikoff and N. I. Zorin, J. Gen, Ghem. U.S.S.R. 1947, 17, 185. 

A. H. W. Aten, Z, physikal. Ghem. 1906, 54, 55. 

672 R. A. Cooley and D. M. Yost, J.A.G.S. 1940, 62, 2474. 

673 M. Goehring and H. Stamm, Z, anorg. Ghem. 1942, 250, 56. 

674 H. Bohmo and E. Schneider, Ber. 1943, 76, 483. 

675 H. Stamm and M. Goehring, ib. 737. 

676 M. Goehring, ib. 742. 677 a. H. Spong, J.G.S. 1934, 490. 

67 8 G. Giacomello, Atti R. 1935, [vi] 21, 36. 

67» K. J. Palmer, J.A.G.S. 1938, 60, 2360. 
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There are two possible structures, Cl—S—S—Cl and 



and the substance may be tautomeric.^^'^'® Electron diffraction®’® indi¬ 
cates in the vapour only the Cl—S—S—^Cl form, with S—S 2*05, S—CJ 
1*99 A, (theory 2*08, 2*03), and the C1-—S—S angle 103°. 

Sulphur dichloride, SClg. This can be made by adding chlorine to SgClg 
and distilling. It is a garnet red liquid, b. pt. +59^, melting over a long 
range from —80° to —60°: cryoscopic measurements in benzene, ^-xylene, 
acetic acid, and ethylene dibromide all gave molecular weights from 103 
to 110 (SCI2 — 103); but 2 SClg will give the same molecular weight as 
S2d2+Cl2. Beckman, however, showed that the substance gave the same 
molecular weight by the boiling-j)omt in SgClg and by the freezing-point 
in CI2. Electron diffraction sbows®^® that the S—Cl distance is 2*00 A 
(theory S—Cl 2*03), and tlie Cl—S—Cl angle 103±3°; the dipole moment 
is 2*0 D. The reaction by which it is formed: S2C12H-C12 — 2 SClg is slow 
at the ordinary temperature, but it is much hastened by iodine trichloride, 
or by stannic chloride. The products of its hydrolysis are very like those 
from SgCla.^’^ 

Supposed tri- and tetra-S-dichlorides, S3CI2 and S4CI2 

The freezing-points of systems lying between SgClg and sulphur suggest®®^ 
that S3CI2 and S4CI2 are formed; it seems clear that at least one of these 
compounds is genuine. 

The one remaining chloride of sulphur is the tetrachloride, SCI4. This 
can be obtained®®^ as a yellow solid, which melts at about — 30° to a red 
liquid, which at once begins to evolve chlorine. It is completely dissociated 
into SCI2 and chlorine at the ordinary temperature. 

This compound is of peculiar interest. All the other chlorides can be 
simply formulated, and their structures, though uncertain, are obviously 
possible. SCI4, if it is a covalent compound, analogous to the tetra¬ 
chlorides of silicon or tin, must have the valency group 2, 8, that is, it must 
show the inert pair of electrons, which is otherwise almost unknown with 
sulphur. 

It is therefore important that all the evidence is against the existence 
of SCI4 in anything but the solid state. The liquid formed on fusing it has 
all the properties (including the colour) of a mixture in equimolecular 
proportions of SClg and Clg. This has been clearly established by Lowry.®®®’® 

D. P. Stevenson and J. Y. Beach, J.A.C.S. 1938, 60, 2872. 

O. Ruff and H. Golla, Z. anorg. Chem. 1924, 138, 33. 

T. M. Lowry et ah, J.C,S. 1927, 746; 1920, 1421; 1930, 782, 1005; 1931, 323. 

D.Ll. Hammick and M. Zvegintzov, ib. 1928, 1786. 

O. Ruff, Ber. 1904, 37, 4513! 

T. M. Lowry and G. Jessup, J.CS. 1930, 1005. 

T. M. Lowry, Z. Elektrochem, 1930, 36, 733. 
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He has also shown that while the other chlorides of sulphur have a higher 
dielectric constant in the liquid than in the solid state (like polar covalent 
molecules in general), the dielectric constant of a solution of sulphur in 
chlorine of the composition SCI4 rises from 3 to about 6 on freezing, which 
must mean that a new and highly polar sohd form of SCI 4 is produced. 
Its high dielectric constant is that of a salt, and so it must be [SClgJCl— 
trichlorosulphonium chloride; it behaves like ammonium chloride, which 
can only exist in the solid state. Hence the valency group of the sulphur 
has the sulphonium form of 2 , 6 , and so this compound is no evidence for 
the occurrence of the inert pair in sulphur. 

This seems to be the only hahde of sulphur which is capable of forming 
addition compounds. Such are SbCls, SCI4 (stable in an atmosphere of 
chlorine, where it melts and sublimes about 125°: SbCls forms no com¬ 
pound with SCI2); TICI4, SCI4 (soluble in CS2, hgroin, etc.); SnCl4, 2 SCI4; 
FeClg, SCI4; AICI3, SCI4; 2 ICI3, SCI4 (soluble in hgroin, CHCI3, CCI4, etc.); 
2 A8F3, SCI4. These compounds are all, except the last two, characteristic 
of a donor molecule. Some of them could be complex salts of the SCI3 
cation, as [SCl3](SbCl6); but the low melting-points (this compound melts 
at 125 °) and the solubility in non-associated liquids suggest that some at 
least are covalent molecules such as Cl4S-^SbCl5. This gives the sulphur 
a decet of shared electrons, as in PF5, with no 'inert pair’. 

SULPHUR AND BROMINE 

Only one compound of these elements has been prepared, S 2 Br 2 ; it is 
made by heating bromine with excess of sulphur in a sealed tube, and 
distilling under very low pressure.^®^ It is a garnet-red Uquid, boihng at 
57° under 0*22 mm,, and at atmospheric pressure probably about 200°, 
but with much dissociation. The molecular weight is SgBrg in bromine, 
and crj^oscopically in POCI3. It is slowly decomposed by water, giving 
sulphur, SO 2 , and HBr, It has been shown^®'^ ® that more highly bromi- 
nated compounds do not exist, 

SULPHUR AND IODINE 

A variety of solid phases have been examined, but there is no evidence 
that any of them are anything more than solid solutions of iodine in sulphur.« 
The solubihty of sulphur or of iodine in chloroform or in carbon disulphide 
is practically unaffected by the presence of the other element,®®^ 

The regularity and the extent to which the affinity for a halogen falls 
off with the increase of the atomic number of the halogen, is far greater 
with sulphur than with any other element. 

^8’ O. Ruff and G. Winterfeld, Her. 1903, 36, 2437. 

588 Finkelstein, Z, physikal. Chem, 1923, 105, 10. 

A. Jakovkin and P. A. Archangelski, Z. anorg, Chem, 1936, 226, 350. 



SELENIUM AND TELLURIUM 
The frequency of these elements in the earth's crust is: 



Sulphur 

Selenium 

Tellurium 

Polonium 

G./ton 

500 

0-6 

001 

l-4xl0-» 


Selenium and tellurium are usually found in small quantities in the 
sulphide ores of heavy metals; they seldom occur as pure compounds, 
especially selenium. They are commonly obtained from the flue dust 
formed on roasting sulphide ores, or from the lead-chamber mud of the 
sulphuric acid manufactures. 

In properties selenium lies much nearer to sulphur than to tellurium; 
for example, the tendency of selenium to form cations Se'^^'^'^ is very small, 
and selenic acid is H 2 Se 04 , like sulphuric H 0 SO 4 , whereas telluric is 
(HO)eTe. 

The most important theoretical differences between selenium and 
tellurium are: 

( 1 ) that the covalency limit for selenium is 6 and for tellurium 8 , and 

( 2 ) that the inertness of the first valency pair of electrons is much more 
marked in tellurium than in selenium. In sulphur, there is practi¬ 
cally no sign of it, any more than in phosphorus; but as usual it is 
more marked in the later groups—more evident in tellurium than 
in antimony, and more in selenium than in arsenic, where it is 
barely perceptible. 


Elementary Selenium 

This element like sulphur occurs in several aUotropic forms. There 
probably®^® are, as with sulphur, at least two molecular species iu the 
liquid (though this does not show the same anomalous changes of colour 
and viscosity with temperature^®^ as sulphur) and three if not four solid 
forms. 

The molecular weight m the vapour is that of Scg at 900"" and above,^®^“® 
but falls to Se at 2 , 000 °^®^; at 200 '' (the b. pt. is 685°) it is 860 . 03 .^®^ 
Electron diffraction^®® indicates that in Scg the Se—Se distance is 2*19 
"(theory Se—Se 2*34, Se=Se 2*14), and that the large molecule present at 
low temperatures has a puckered ring,^®"^ though the results agree better 
with a 6 -rmg than with an S-ring; but the size of the molecule is Scg in 
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solution in carbon disulphide and in liquid sulphur^®® and also, according 
to X-ray analysis/®® in the red monoclinic form of the element. 

The heats of linkage of the atoms in elementary sulphur, selenium, and 
tellurium®®®"^ are given above, p. 876. 

In colour the vapour of selenium comes between sulphur and chlorine. 
The hquid is brownish-red; it boils at 685°®®®; its heat of evaporation 
is 32*77 k.cals. per Seg mol.®®® (Trouton 34*3); the heat of fusion is 
12*45k.cal8. 

The sohd forms are of two kinds, one red, bulky, and transparent, and 
the other grey, opaque, dense, and semi-metaUic; there are probably two 
forms of each kind. There is also an amorphous form®®^ which becomes 
elastic, like plastic sulphur, at 70°; on cooling it solidifies, but becomes 
plastic again at 72°. 

The red forms are commonly those first produced; they are got by 
cooling molten selenium; they separate from the ruby-red solution in 
carbon disulphide, and on the reduction of selenium compounds such as 
the dioxide. One at least of these red forms is monoclinic, and is red by 
transmitted and blue by reflected light; it has a density of 4*42, a dielectric 
constant of 7-39 at 3°, and melts at 144°. It is metastable, and goes over 
into the grey form. X-ray examination has shown that there are two 
forms of red selenium.®®®*®®® 

Grey selenium also occurs in two forms A and B, of which B is the 
stable form, and is ordinary grey selenium. It melts at 220*2°, has a 
density of 4-82 (9 per cent, greater than the red form), and is isomorphous 
with tellurium. Its solubility in carbon disulphide is 2 mg. in 100 c.c. at 
the ordinary temperature. The A form is slightly more soluble (3*2 mg.) 
and is metastable, going over slowly to the B. Its metaUic character is 
almost confined to its appearance: its electrical conductivity in the cold 
is only 2 x 10“®. 

The effect of light in increasing the conductivity of selenium is well 
known and is made use of technically. This is a property of the grey form: 
the conductivity increases up to something hke a thousand times on 
exposure to fight: the most effective wave-length is 7,000 A. The pheno¬ 
menon is very obscure: the resistance of this form varies even in the dark 
with the E.M.F., the time, and the history of the specimen. The change 
is probably due to the shifting of electrons, as with silver iodide or zinc 
sulphate.®®®"^® 
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The molecular weight found for selenium in various solvents is very 
variable, owing no doubt to its tendency to form compounds: the natural 
solubility of the stable grey form is small, judging by its high melting- 
point, and solvents like the selenium halides, the sulphur halides, etc., 
give low values (Sei—Seg) which are probably due to combination with 
the first two, and the formation of solid solutions with the last. But the 
Scg molecule is clearly very stable, as it is with sulphur, and this molecule 
weight has been found in carbon disulphide, in diphenyl, in molten 
sulphur, and in yellow phosphorus.®^^ 

A remarkable use of elementary selenium is in organic chemistry, for 
the dehydrogenation of hydroaromatic to aromatic compounds,which 
is of great importance in elucidating the structure of natural products: 
they are heated for some hours with selenium to temperatures of 250-350'', 
and SeHg is evolved Sulphur reacts in the same way, but more violently, 
and may enter the organic molecule, or even break it down altogether. 

Elementary Tellurium 

Of solid tellurium there are only two certain forms, one amorphous, and, 
like most amorphous substances, variable in properties, and the other, the 
ordinary form, crystalline and isomorphous with grey selenium B. This 
is a silver-white substance with a metallic glance. Beyond this, however, 
it has little of the metal about it. Its electrical conductivity is very small, 
being at 500 ° about 1 per cent, of that of cold mercury®^®: at the ordinary 
temperature the number of free electrons cannot be more than 1 to every 
10 ® atoms of tellurium. Even this minute conductivity may be due to 
impurities, to which the conductivity is extraordinarily sensitive®^®: 0*2 per 
cent, of antimony or bismuth increases it 100 times, and the presence of 
less than 0-01 per cent, of either of these elements would account for the 
whole conductivity of ‘pure’ tellurium. 

Light causes a small increase in the conductivity. 

‘Metallic’ tellurium melts at 449*8°®2® to a dark liquid which boils at 
1,390° C. The heat of evaporation obtained from the vapour pressures at 

C. Ries, Ann. D. Phye. 1911, [4] 36, 1055. 

L. Amaduzzi, Phys. Z. 1912, 13, 165. 

P. J. Nicholson, ib. 1913, 14, 1211. 

B. Gudden and R. Pohl, ib. 1921, 22, 529. 

W. Spath, .Z. Phys. 1921, 8, 165. 

For this last see E. Beckmann and H. Pfeiffer, Z. physikal. Ghem. 1897, 22, 

615. 

O. Diels and A. Karstens, Ber. 1927, 60, 2323; for the limitations of the reac¬ 
tion see G. R. Clemo and H. G. Dickenson, J.CJ3. 1935, 735. 

Id., ib. 1937, 255; R, L. Barker and G. R. Clemo, ib. 1940, 1277. 

C. A. Kraus and E. W. Johnson, J. Phys. Ghem. 1928, 32, 1281. 

C. H. Cartwright and M. Haberfeld-Schwarz, Nature, 1934, 134, 287; Proc. 
Roy. Soc. 1935, 148, 648. 

68® F. C. Kracek, J.A.G.8. 1941, 63, 1989. 
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lower temperatures 480-671° is 22-0 k.cals., which gives the remarkable 
Trouton constant of 22,000/1663 = 13*2. 

In the vapour the molecular weight is that of Tcg from 1,400 to 1,800°, 
with perhaps a small tendency to further association at lower temperatures. 
The Te—Te distance is found by electron diffraction®^^"^ to be 2*59 and 
from the spectrum®^^ to be 2*61 A (theory Te—Te 2*74, Te=Te 2*54). 

Tellurium is insoluble in benzene and in all solvents that do not react 
with it, so that its molecular weight at the ordinary temperature cannot 
be determined, and we do not know whether the peculiar Mg molecule of 
sulphur and selenium occurs with tellurium as well. It burns in air, and 
combines with the halogens, but not with sulphur or selenium. Its com¬ 
pounds are nearly always colourless, except the polytellurides, which are 
deep red. 

Tellurium is one of the very few elements which undoubtedly form both 
monatomic anions and monatomic cations. Te and are both 

colourless, and both very readily go over into the covalent form, Te 
giving the polytellurides, and Te"^^^"^ readily forming complexes, especially 
those with a co-ordination number of 6, such as KgTeCle* Te thus 
resembles O or S , while Te^^^^ (in which, of course, the first electron 
pair is inert) is more like quadrivalent platinum. 

If two tellurium electrodes are immersed in potassium hydroxide solution, 
and a current passed, tellurium is dissolved from each electrode and 
transported to the other, the anode giving Te^^*^ and the cathode Te . 
Polonium behaves in the same way.®^^ If either electrode is replaced by 
platinum, tellurium is deposited on it. 

The solution potential of these elements in decinormal potassium 
hydroxide is®^® S 0*53; Se 0*804; Te 1*07 v., so that tellurium may be 
called the ‘noblest metalloid 

Hydrides 

The hydrides of all the five elements of this series, 0, S, Se, Te, Po are 
known, the last only slightly. Since they are all two places before an inert 
gas in the table, the hydrides MH 2 are all volatile. A comparison of the 
properties of the first four is interesting. 



HjsO 

HgS 

H,Se 

H,Te 

M. pt. . . . 

0° 

-85*6° 

-66°** 

-51-2°^ 

B. pt, . . . 

100^' 

-60*4° 

-41*5^ 

+ 2° 

Diss. const, k 

l*3-f 

1 X 10-' 

1*3 X 

2*3x10-3® 

k rel. 

1*3+10“’ 

1 

1,300 

23,000 

Ht. of fusion*' 

1*44 

0*4 

1*67 

0*97 k.cals. 

Ht. of evap.*' 

10*67 

4*6 

4*71 

4*58 

Trouton const.* . 

Ht. of formn. from 

28*3 

2M 

20*4 

1 

16*7 

atoms® . 

220*7 

175*0 

146-3 

124*0 


a = h = c = d = e = 


6IU.2 
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Oroup VI. Selenium and Tellurium 

Hydrogen selenide HgSe is made by the action of acids on metallic 
selenides, especially aluminium selenide, or by heating elementary selenium 
with a high boiling paraffin motor oil to 380°.It is colourless in all 
states; it has a very offensive smell, and is far more poisonous than HgS. 
From the infra-red spectrum®®®"^ the Se—H distance is 1-6 A (theory 1*47), 
andH—Se angle rather more than 90°. Solid HgSe is trimorphic.®^® Water 
dissolves about 3 times its volume of the gas at 0°.®®^ It forms a solid 
hydrate (H2Se,a;H20) wdth a dissociation tension of 432 mm. at 2°, and 
11 atm. at 30°, above which temperature it apparently melts. 

Chemically hydrogen selenide is very unstable, and it decomposes slowly 
at the ordinary temperature, and rapidly above 300^, even in absence of 
air, especially in presence of elementary selenium. For its oxidation by 
gaseous oxygen see reference®®®". 

Hydrogen telluride HgTe is made like the selenide by the action of acids 
on metallic tellurides, especially that of aluminium AlgTcg, and must be 
purified by freezing out. Its vapour density is normal. It forms a pale 
yellow liquid and a colourless solid; it is even more offensive in smell than 
the selenide, and at least as poisonous. 

It is the least stable of the four gases, the affinity for hydrogen always 
falling as the atomic weight increases. It decomposes alone and in the cold 
unless it is quite dry; like HgSe if it is pure and dry it is not decomposed 
by light. It is fairly soluble in water, but the solution soon begins to 
deposit tellurium. 

There is some evidence for a hydride HgSeg®^®; the gas evolved when 
aluminium and hydrochloric acid are added to aqueous selenious acid 
gives with lead acetate a black precipitate of PbSeg, and so may contain 
HgSej (this is a very delicate test for selenium, and will detect it in wheat 
ash). Otherwise more complex hydrides of selenium and tellurium, corre- 
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M. de Hlasko, Extr. Bull. Akad. Pol. 1919, [A] 73. 

Id., ib. 1921, [A] 18. 

H. Hagisawa, Bvll. Inst. Phys, Chem. Res. Japan, 1941, 20, 384. 

«®® P. L. Robinson and W. E. Scott, J.C.S. 1932, 972. 

®®® C. Green and W. E. Bradt, Proc. Indiana Acad. Sci. 1934, 43, 116. 

086 0 Sears, D. M. Cameron, and H. H. Nielsen, Phys. Rev. 1938, ii. 53, 330. 

®®’ Id., J. Chem. Phys. 1939, 7, 994. 

®®® A. Kruis and K. Clusius, Z. physikal. Chem. 1937, B 38, 166. 

A. J. McAmis and W. A. Felsing, J.A.C.S. 1926, 47, 2633. 

D. J. G. Ives and R. W. Pittman, J.C.S. 1948, 766. 
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sponding to HgOg or HgSg, do not seem to be known.Organic deriva¬ 
tives of these types are known. 

Metallic Selenides and Tdlurides 
The metallic selenides are very like the sulphides. Those of the alka- 
Pes®42-3 soluble in water, and colourless when pure; they all have 
fluorite lattices except RbgSe and CsgSe; in solution they are soon oxi¬ 
dized by air with the separation of selenium. The hydrogen selenides 
MSeH®^^ can be made in alcohol; they aU have NaCl lattices except 
CsSeH, which has a CsCl lattice; they are decomposed by air and water. 
Polyselenides up to MgSes can be rnade,®^®"^ for example, by acting on the 
metal with a solution of selenium in liquid ammonia.®^® 

The alkaline earth selenides are similar; BeSe, ZnSe, and HgSe have zinc 
blende, and CdSe a wurtzite lattice.®^* 

The tellurides are on the whole similar, but even less stable. The alka¬ 
line tellurides are soluble in water and give colourless solutions when pure, 
but these are very readily oxidized to polytellurides; hence these tellurides 
are strong reducing agents, and will, for example, reduce a tellurite to 
metallic tellurium. The behaviour of fused mixtures of sodium telluride 
and tellurium has been examined by Kraus.®^® He showed that the liquid 
if it contained but little sodium telluride conducted electricity like a metal, 
but if it contained much, like a salt. The solid phases isolated were 
NagTe, Na 2 Te 2 , and Na 2 Te 6 , this last having a congruent melting-point 
of 436^ 

Polytellurides are only known of the alkalies, and mostly only in solution. 
They are dark red, and, as we have seen, very sensitive to atmospheric 
oxygen. 

ALKYL AND ARYL COMPOUNDS 
A LARGE number of dialkyl and diaryl selenides are known, as well as a 
series of cyclic compounds of the polymethylene-selenide type. They differ 
markedly from the ethers, and to a less extent from the thioethers, in 
having a definitely unsaturated behaviour. While the ethers are very 
inactive and stable substances, the thioethers can react with alkyl halides 
to form stable sulphonium salts: the analogous oxonium salts cannot as a 
rule be formed, unless one of the radicals attached to the oxygen is a 
hydrogen, and then of course they readily dissociate. The selenoethers 
have the same power of going over into selenonium salts of the t 3 rpe 

For attempts to prepare these selenides, see E. Muller, Ber. 1903, 36, 4262. 

A. Bergmaim, Z. anorg. Ghem. 1937, 231, 269. 

W. Klemm, H. Sodomann, and P. Langmesser, ib. 1939, 241, 281. 

644 Teichert and W. Klemm, ib. 1939, 243, 86. 

E. Muller and R. Novakovski, Ber, 1905, 38, 3779. 

Id., Z, Elektrochem, 1906, 11, 931. 

M. Le Blanc, ib. 813. 

64 8 p ’VV'. Bergstrom, J,A.C,S. 1926, 48, 146, 2319. 

W. H. Zachariasen, Z, physikal. Chem. 1926, 124, 436. 

C. A. Kraus and S. W. Glciss, J. phya, Chem. 1929, 33, 984, 999. 
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RgSefX], but in addition, they can take up oxygen in presence of oxidiz¬ 
ing agents, or halogens, to form such compounds as AlkgSeO or AlkgSeClg. 
In these the valency group of the Se is 6+4 — IO 4 = 2 , 8 ; in other words 
it has an inert pair, which is possible for selenium (and also for tellurium) 
but scarcely for sulphur. 

The boiling-points of a series of alkyl derivatives are given below: 


X = 

0 

s 

Se 

Te 

CH3XH 

65° 

-f 7-6° 

12 ° 

57° 

EtXH 


34-7° 

53-5° 

90° 

PrXH 

97*2° 

68 ° 

0 

QO 

121 ° 

(CH,),X 

-24° 

36*2° 

0 

GO 

10 

0 

00 

Et,X 

34*5° 

91-6° 

c 

CO 

0 

137-5° 

Pr,X 

91° 

142° 

159° 


C,Hj-XH 1 

183° 

169° 

183-6° 



The effect of association in the alcohols is obvious: apart from this the 
average difference is (S)—(O) ™ 55"; (Se)—(S) — 15"; (Te)—(Se) = 30-40": 
thus the general conclusion tha t the resemblance is closer between sulphur 
and selenium than between selenium and tellurium is borne out here too. 
(The atomic weight differences are Se ~S 46-9, Te—Se 48*6.) 

Selenomercaptans^ R • Se * H 

These compounds®®^ are very like the mercaptans in their general 
behaviour, but are far more readily oxidized, and must be made (from the 
alkyl halide and sodium selenide solution: or by distilling AUc • SO 4 H with 
alkaline MSeH: or from the Grignard reagents and elementary selenium) 
in an atmosphere of hydrogen. The telluromercaptans are still less 
stable. 

The selenomercaptans have a most repulsive smell (far worse than that 
of the selenoethers) and soon infect not only the laboratory but the whole 
neighbourhood as well. They are not miscible with water (the boiling- 
points show that like the mercaptans they are not associated), but they 
dissolve in aqueous alkali, and themselves dissolve mercuric oxide. 

The aromatic analogues Ar Se -H are got by the reduction of the 
diselenides AroSe 2 , or the seleninic Ar 800211 or selenonic Ar SeOgH acids 
by sodium and alcohol. They are very like the alkyl compounds®^^; 
they dissolve very slightly in water, easily in ether and chloroform, and 
are rapidly oxidized by air to the diselenides Ar • Se • Se • Ar. This oxidation 
occurs particularly easily in the presence of ortho- or para-nitro-groups; 
they then are at once oxidized by air to the diselenides,®®'^ like their sul¬ 
phur analogues.®®^® 

L. Tschugaeff, Bcr. 1909, 42, 49. 

F. Krafft and R. E. Lyons, ib. 1894, 27, 17G3. 
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H. Lecher and K. Simon, Ber. 1922, 55, 2426. 

K. Brand and A. Wirsing, ib. 1913, 46, 822. 
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Alkyl Sdenides 

Dialkyl Selenides, AlkgSe 

These can be made (like the sulphur compounds) from alkaline selenides 
and alkyl sulphuric acid (S. C. Lowig, 1836), and in other ways; for example, 
the reaction 

SeBr 4 + 3 ArgHg = Ar 2 Se + Ar-Br -f 3 Ar -Hg -Br 

goes almost quantitatively.®^® The C—Se—C angle in dimethyl selenide 
is found by Raman and infra-red spectra to be 99*3°.®^’^ The following 
dipole moments have been found®®® in benzene at 25*^: (p-tol) 2 Se 1*81; 
(p-Cl*C6H4)2Se 0-77 D. 

They are unassociated liquids: their smell is offensive, but not as bad 
as that of the selenomercaptans. They are not so extremely sensitive to 
oxidation, since they have no hydrogen on the selenium, but still they 
behave definitely as unsaturated compounds. They readily add on halogen 
to form the dihalide Alk 2 Se(hal )2 and are converted by oxidizing agents 
such as dichromate or permanganate to the selenoxides AlkgSeO, or by 
nitric acid to a salt of the selenoxide Alk 2 Se- 0 H[N 03 ], which can be 
converted by hydrochloric acid into the dichloride. They cannot be 
oxidized to the selenonic acids Alk-SeOgH (corresponding to the sulphonic 
acids, which are the product of the oxidation of mercaptans); these acids 
are indeed little known. 

Diaryl selenides are easily got by the action of selenium on mercury 
aryls: sulphur and tellurium act in the same way. They can also be made 
by heating the diaryl sulphones with selenium®®® 

OaSOg + Se = OgSe + SOg. 

Unsymmetrical selenides can be made from the diaryl selenides and the 
Grignard reagent, or from mercury diaryl and aryl selenium bromide 
Ar Se-Br.®®® They are as unsaturated as the alkyl compounds. They are 
oxidized, for example, by dichromate in acetic acid, to the selenoxides, and 
are converted by bromine into the dibromides, such as OgSeBrg, which is 
a yellow or red crystalline substance, forming mixed crystals withOgTeBrg. 
It is to be noticed that whereas diphenyl sulphide is at once brominated 
by Brg in the cold, OgSe, which also reacts with bromine at once, is not 
brominated but converted into the dibromide OgSeBrg, on which excess 
of bromine has scarcely any action.®®® 

The diaryl selenides are, however, stable enough to be nitrated without 
rupture, the NOg groups going to the meta position ®®^’‘® (O • Se • CN nitrates 
wholly in the ortho- and para-positions).®®® 
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Cyclic Selenoethers 
These compounds, which ma>y also be called polymethylene selenides, 

have the general formula C^2)n ^3’ ^ 4 ’ ^ 5 ’ Ce have been made 

by Morgan and Burstall®®^’^ by the action of alkaline selenide in aqueous 
solution on the requisite polymethylene bromide in the absence of air. 
In general they resemble the dialkyl selenides: they readily form dihalides, 
from which the selenoxides can be prepared; these latter are almost 
neutral®®^ or even shghtly acid in character. They are all volatile liquids, 
and it is interesting to compare their boiling-points with those of the 
corresponding compounds of other elements of this series: 


Boiling-points of Cyclic Ethers 


Type X — 

0 

S 

Se 

Te 

/CH,\ 

ch/ )x 

\CH/ 


94° 

118° 







1 V 

CH,—CH/ 

CH^ )X 

\CH,—CH/ 

57° 

118° 

135° 

1667760 mm. 

81^ 

142° 

158° 

82712 mm. 

/CH, 

/CH,—CH( 

CH,( > 

^CHa— 



170° 


CHa—CH,—CHjX 

1 > 
CH,—CH,—CH/ 



190° 



Thiophene type 


CH=CH\ 




1 

32° 

87° 

110 ° j 

CH==CH/ 

i 

_ 1 


_1_ 


The two extreme members of the series, the trimethylene and the 
hexamethylene®®® compounds (i.e. the 4-ring and the 7-ring) have pecu- 

G. T. Morgan and F. H. Burstall, J.C,S, 1929, 1096 (C^Se). 

Id., ib. 2197 (CjSe). Id., ib. 1930, 1497 (CaSe). 

Id., ib. 1931, 173 (CeSe). 

Morgan (Pres. Address, J.G.S, 1935, 564) has been able to get a small yield 
of the compound with a CigSe ling, though in the formation most of the 

material polymerizes. Other compounds with rings of the dithian type, as 


SeC 


^CHa--.CHa—CH,' 




Se 


have also been made. 



Sdenophene 
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liarities. With both of them the yield is small, the reaction leading mainly 
to polymerization; the structures of these polymers are not understood. 
Spiro compounds with Se—C rings can also be made*®*; thus 


yCH, 


Se^ - ^Se 

m. pt. 67°, is got from potassium selenide and tetrabromopenterythritol 


Dimethyl selenophene 


Selenophene 



was prepared in 1885®’® by the action of phosphorus pentaselenide on 
acetonyl acetone; but the mother substance was first made in 1938 by 
Briscoe and his co-workers,by the action of selenium vapour on 
acetylene at about 400°; bauxite (AlgOg) can be used as a catalyst.* 


CH-=CH\ 

Selenophene | ySe 

CH-=:CH/ 


boils at 108° and has a normal vapour density. It has a dipole moment 
of 0*78 D in benzene and 0-77 D in hexane.®’® Like thiophene it is in 
many ways very stable: it is unaffected by boiling with water, alkalies, 
or hydrochloric acid, or by heating with methyl iodide in a sealed tube 
for 24 hours at 160° (no selenonium compound is formed), and it is not 
oxidized by permanganate. But nitric or sulphuric acid decomposes it 
completely. Halogens, if they are very dilute, will replace the hydrogen, 
but otherwise they form tetra- and hexahalides, in which first one halogen 
adds on to every carbon, and then two more to the selenium.®’® 


Selenophthene 


HC-C-CH 

II II II 

HCx /C\ /CH 
\Se/ \Se/ 


is stated to have been made®’®"’ in a cis and two trans forms, the first 
a liquid of dipole moment 1*52, and the others (a) m. pt. 51°, dip. mom. 0: 
(6) m. pt. 124°, dip. mom. 1-07. 

* McMahon and Pearson*’^ have tried to make tellurophane in this way, and 
believe they obtained some, though they could not isolate it. 

«®® H. J. Backer and H. J. Winter, Bee. Trav. 1937, 56, 492, 691. 

C. Paal, Ber. 1885, 18, 2255. 

H. V. A. Briscoe and J. B. Peel, J.C.S. 1928, 1741. 
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H. V. A. Briscoe, J. B. Peel, and G. W. Young, ib. 1929, 2589. 

®’^ F. A. McMahon, T. G. Pearson, and P. L. Robinson, ib. 1933, 1644. 

®’® B. Tamamushi, H. Akiyama, and S. Umezawa, Bvll. Chem. Soc. Japan, 1939, 
14, 310. 

®’® H. Suginome and S. Umezawa, ib. 1936, 11, 157, 
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Selenanthrene 


The X-ray analysis of this compound indicates a fold of 127° round the 
Se—Se line, with the C—Se distance 1*96 (theory 1-94) and the angle at 
Se (i.e. C—Se—C) 96°.^’^® [Compare thianthrene, p. 882.] 



Selenonium Compounds^ R3Se[X] 


These compounds®’®"®® are formed with great readiness by the action 
of alkyl halides on the selenoethers (including the cychc ethers, but not 
the unsaturated selenophene). The halides are definite salts R 3 Se[hal], 
usually soluble in water but not in ether, and with silver oxide they give 
the strongly basic hydroxides R 3 Se[OH] (the di-hydroxides of the selen- 
oxides RoSeO are scarcely if at all basic). 

The ^-hydroxy-aryl compounds can be made®®^ by the action of phenols 
on selenium oxychloride SeOOU.®®^ The so-called selenitines, in which 
one radical is that of a carboxylic acid, such as CHg—COOH, were used 
by Pope and Neville®®® to obtain optically active selenium comjjounds. 
They resolved the compound 

<D\ X^H^-^COOH 

>Se/ 


CH3'" [Br] 


through the bromo-camphor-sulphonatc, and showed that the product 
gave an active chloroplatinate, although the double mercuric iodide was 
inactive.®®^ 

Another way of making the aryl selenonium salts is by the action of 
aluminium chloride on a mixture of the diaryl selenium dichloride 
Ar 2 Se(hal )2 and benzene.®®® They seem to be weak salts (the hydroxide 
is a stronger electrolyte than the iodide) and dissolve in water and also 
in chloroform, in the latter perhaps in a polymerized or colloidal form, 
like the substituted ammonium salts. On heating they break up into the 
aryl halide and the selenoether Ar 3 Se[I] = Ar 2 Se+ArI. It is remarkable 
that if the chloride ArgSeCI is recrystaUized from ethylene dibromide, it 
is converted quantitatively into the bromide ArgSeBr. 

All attempts to prepare a compound Alk 4 Se or Ar^Se have failed. 


B. Tamamushi, H. Akiyama, and S. Umezawa, Bvll. Chem. Soc. Japan, 1939, 
14, 318. and G. Williams, Nature, 1942, 150, 321. 
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•8® L. V. Pieverling, ib. 1877, 185, 331. 

*81 G. T. Morgan and F. H. Burstall, J.C.S, 1928, 3260. 

•8* For the positions taken up by substituents in aryl selenonium compounds see 
J. W. Baker and W. G. Moffitt, ib. 1930, 1722. 

w. J. Pope and A. Neville, ib. 1902, 81, 1652. 
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886 H. M. Leicester and F. W. Bergstrom, J.A.C.S. 1929, 51, 3687; 1931, 53, 4428. 
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Di- and Tri-selenides 

Dialkyl and diaryl di- and tri-selenides RgSeg and RaSeg can be pre¬ 
pared. They are more or less volatile liquids®®®’®^®" (for example, McgScg, 
b. pt. 156'^; EtgSeg, b. pt. 186°; Et 2 Se 3 , b. pt. IOO 726 mm.; $ 28 ^ 2 , ni. pt. 
63*5°, b. pt. 203711 mm.) which presumably, like their sulphur analogues, 
have unbranched chains R—Se—Se—R and R—Se—Se—Se—R. This 
has been proved by X-ray analysis®®’ for 

0*Se*Se.(D and O^CH^So-Se-CH^d), 

which are isomorphous with the corresponding sulphur compounds. The 
following dipole moments have been found®^® in benzene at 25°: (O * Se —)2 
1-67 D; (p-tol Se —)2 2-29; (<D CH 2 *S ^)2 1*54; (p-Br• C 2 H 4 Se —)2 0-70. 
The diselenides are readily formed from alkyl sulphuric acids and the 
alkahne diselenides M 2 Se 2 or by reducing the monohalides R Se hal with 
zinc dust.®®® With these halides there is often®®® an equihbrium between 
the monohalide on one side and the trihalide and the diselenide on the 
other 

3 Ar-Se-Cl r^ Ar-Se Clg + Ar*Se—Se-Ar, 


where the equilibrium varies with the nature of the aryl radical, and is 
sometimes very far over on the right-hand side. 

Morgan and BurstaU®®® have prepared the cyclic diselenide 


CHa—CH 2 —Se 


CH«—CH, 


lo’ 


and showed that on heating this eliminates selenium to give the tetra- 
methylene selenide 


CHa—CHoV 

1 >■ 

CE.^—€R/ 


They also®®^ showed that a diselenide could be made in an unexpected 
way by heating the 6-7-fold polymer of 


CH, 






^CH, 


> 


e, 


which gives propylene CH 3 011=0112 and the diselenide 


/CH,-Se 

I • 

^CHa—Se 


H. J. Backer and W. van Dam, Rec, Trav, 1935, 54, 631. 

G. G. Stoner and R. W. Williams, J,A,C,S. 1948, 70, 1113. 

L. Egartner, F. Halla, and R. Schacherl, Z. physikcd. Chem. 1932, B 18, 189. 
O. Behaghel and H. Seibert, Ber. 1932, 65, 812. 

O. Behaghel and W. Muller, ib. 1935, 68, 1640. 

J.C,S. 1929, 1096. 


Ib. 1930, 1497. 
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Group VI. Selenium and Tellurium 
Trisdenides 

These are formed^^^ by the action of selenium on dialkyl selenides, or 
of selenium oxychloride SeOCl^ on selenomercaptans. It is also possible 
to make compounds in which any or all of the three selenium atoms are 
replaced by sulphur: boiling-points: 

EtaSj EtaSeSa Et.Se^S 

84-57i5 mm. 94726 mm. 98726 mm. IOO 726 min. 

Alkyl and Aryl Selenium Halides 
These can be of four types: (1) the selenonium halides already described; 
(2) the monohalides R • Se • hal; (3) the dihalides R 2 Se(hal) 2 ; (4) the trihalides 
R Se(hal) 3 . Their formulae, valency groups, and the products (stable or 
not) of their hydrolysis are: 

R 3 Se[hal] 2, 6 K 3 Se[OH] (Strong base) 

R. Se • hal 4,4 R - Se • OH (Selenenic acid )«»7 
RjSe(hal)2 (2), 8 R2Se(OH)a->R2SeO 

R-Se(hal )3 ( 2 ), 8 R-Se(OH) 3 ->R-SeO-OH (Seleninic acid). 

The selenonium compounds are always ionized; the last two types have 
some tendency to give monovalent cations, with the valency pair no 
longer inert (valency octet); and all the last three types are readily 
hydrolysed by water. 


and> ^ halides 

The monohalides were discovered by Zincke.’®^ They are much more 
stable than their sulphur analogues, and so can all be isolated. They are 
best made by the action of bromine on the selenocyanides in ether or CCI4. 
This gives 

Ar-SeCN + = Ar-Se-Br + Br-CN; 

but if excess of bromine is used, the tribroraide is formed.®®^ The mono¬ 
halides can also be made’^®^ by ^he action of AICI3 on selenium dioxide 
in an aromatic hydrocarbon as solvent, for example, CeHs Se-Cl in ben¬ 
zene. They are hydrolysed by water. 

The fluorides'^®® are all less stable to heat than the corresponding chlor¬ 
ides or bromides. They are very soluble in water, and all seem to behave 
like salts. 

The monobromides are readily reduced by zinc dust to the diselenides 

Q. R, Levi and A. Baroni, Atti R, Line, 1929, [vi] 9, 1019. 

O. Behagel and H. Seibert, Ber. 1932, 65, 812. 

Id., ib. 1933, 66, 708. i^., ib. 922. 

O. Behagel and W. Muller, ib. 1934, 67, 106. 

Id., ib. 1936, 68, 1640. i^., ib. 2164. 

D. a Foster, J,A.C.S. 1933, 55, 822. 

700 Id., Rec. Trav, 1934, 53, 406. 

701 T. Zincke, Ber. 1911, 44, 769. 

7o» R. E. Lyons and W. E. Bradt, ib. 1927, 60, 60. 

7o» H. J. Emel^us and H. G. Heal, J.CJS. 1946, 1126. 
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Ar • Se • Se • ; when treated with water or alkalies they go into 

the diselenides and the seleninic acid Ar SeO-OH (‘disproportiona¬ 
tion ’).«»3,697.700 

The trihalides®®^ are, of course, the halides of the seleninic acids 
Ar SeO OH (corresponding to the sulphinic), into which they are con¬ 
verted by alkah. But they readily lose Brg even in vacuo over P 2 O 5 and 
potash, returning to the monobromides. CgHs-Se Brg forms scarlet 
crystals, melting at 105°. The trichlorides also exist; they lose halogen 
less easily than the bromides (only on fusion), but they are much more 
easily hydrolysed to the seleninic acid Ar SeO OH. 

All these trihalides are much more stable than the corresponding sulphur 
compounds. 

Dialkyl and Diaryl Dihalides^ R2Se(hal)2 

These are formed with great ease by the direct addition of chlorine or 
bromine to the selenoether (with diphenyl sulphide bromine would give 
(Br-CeH 4 ) 2 S). An X-ray examination shows’^®®"® that the diphenyl com¬ 
pounds have a trigonal bipyramidal structure (the normal structure for 
AB5), with the halogen atoms at the poles, and the phenyl groups at two 
of the three positions on the equator. In the bromide’®® the angles are 
C —Se—C 110 ± 10 °, Br—Se—Br 180±3°, and the distances Se—C 1-91, 
Se—Br 2-52 (theory 1-94, 2-31); with the chloride’®® Cl—Se—Cl— is 
180^5° and Se—Cl 2-30 (theory 2*16). The compounds dissociate in 
carbon tetrachloride to some extent (the iodide in N /10 solution about 
6 per cent.) into OgS^+Halg.’®’"® 

The dihalides are to some extent soluble in and hydrolysed by water. 
They seem to be more stable when derived from the diaryl selenides than 
from alkyl-aryl selenides. Thus’®® < 5 CH 3 SeBr 2 (yellow needles melting at 
115° with decomposition) is converted quantitatively in 10 minutes at 120 ° 
into O • SeBr and methyl bromide. With silver oxide the halogen atomi 
of the dihalides are replaced by hydroxyls, but the product ArMeSe(OH )2 
cannot be isolated, as it begins at once to lose water to form the selenoxide 
ArMeSeO. 

Selenoxides^ 

These are formally similar to the sulphoxides RgSO, but differ from 
them in many (though not in all) respects. They are no doubt resonance 
hybrids of the formulae 


R\ R\ 

^^e->0: val. Gp. 2 , 6 and ^^^e=0: ( 2 ) 8 . 


R 


The sulphur analogue Ar*S*Cl reaots in the same way, but even more vigor¬ 
ously (H. Lecher, Ber. 1924, 57, 768). 

J. D. McCullough and G. Hamburger, 1941, 63, 803. 

Id., ib. 1942, 64, 608. Id., ib. 2672. 

’08 J. D. McCullough and B. A. Eokerson, ib. 1946, 67, 707. 

O. K. Edwards, W. R. Gaythwaite, J. Kenyon, and H. PhiUips, J.O.fif. 1928, 

2293. 
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Oroup VI. Selenium and Tellurium 

They can be made'^i® by oxidizing the selenides with dichromate or 
permanganate or nitric acid, or by the action of potassium hydroxide 
on the dibromides. For example, diphenyl selenoxide <I>2Se>0 melts at 
113-14°. At 230° in vacuo it breaks up into the selenide and oxygen; 
with concentrated nitric acid it forms a salt R 2 Se( 0 H)N 03 ; excess of 
concentrated hydrochloric acid converts it into the dichloride <l) 2 SeCl 2 . 
The selenoxides are fairly soluble in hot water. They absorb moisture 
from the air up to about the composition R 3 Se(OH) 2 , and lose it again in 
a desiccator. 

The sulphoxides are readily oxidized further to the sulphones, R 2 SO 2 , 
a very stable and rather inactive group of substances, but no such oxida¬ 
tion is normally possible for the selenoxides. Compounds of the composi¬ 
tion of selenones RoSeOg can be made, but their methods of preparation 
and their properties are quite different from those of the sulphones (see 
pp. 963-4). On the other hand the selenium in a selenoxide has a strong 
tendency to form an easily decomposed addition compound with nitric 

/OH 

acid, which may be written RgSeOjHNOg, but presumably is RgSe'^ . 

This is a common tendency of quadrivalent selenium. Thus benzene 
seleninic acid forms^^^ the compound C 6 H 5 Se 02 H,HN 03 : benzyF^^ 
methyl and ethyl seleninic acids’^^ behave in the same way. The same 
compounds R 2 Se 0 ,HN 03 are formed^^^ when the selenoethers are oxidized 
with nitric acid. This nitric acid compound (known as the ‘hydronitrate’) 
cannot be further oxidized. Selenium seems to have a much smaller 
tendency than sulphur to go over to the hexavalent selenonic form. 

Phillips and Kenyon’^^"^’ have tried to resolve the bromo-camphor 
sulphonates of the unsymmetrical selenoxides as they did those of the 
sulphoxides; but though the salts were prepared they could not be resolved. 

As the selenoxides are not (normally) oxidized further to the selenones, 
so too’^^® if a seleninic acid Ar • SeO • OH is recrystallized from fairly strong 
nitric acid, instead of being converted into the selenonic acid, as a sulphinic 
acid would bo converted into a sulphonic, it merely separates as the 
hydronitrate; again, while ethyl iodide reacts with silver sulphite to give 
the unsjnnmetrical sulphonate Et‘S 02 * 0 Et, with silver selenite it forms 
the symmetrical selenite (EtO) 2 SeO.'^^® These are all examples of the 
reluctance which selenium shows (as compared with sulphur) to go into 
the hexavalent state. 

710 F. Krafft and W. Vorster, Ber, 1893, 26, 2821. 

711 M. Stoecker and F. KraflPfc, ib. 1909, 39, 2200. 

7ia C. L. Jackson, Ann. 1875, 179, 13. 

713 E. H. Shaw and E. E. Reid, J.A.C.S. 1926, 48, 620. 

71* D. G. Foster and S. F. Brown, ib., 1928, 50, 1182. 

713 W. R. Gaythwaite, J. Kenyon, and H. Phillips, J.G.S. 1928, 2280. 

710 Id., ib. 2287. 

717 O. K. Edwards, W. R. Gaj’thwaite, J. Kenyon, and H. Phillips, ib. 2293. 

710 C. A. Michaelis and B. Landmann, Ann. 1887, 241, 150. 
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Phenyl-aminophenyl selenoxide 

H,N.CeH,v 

)SeO 

CeH/ 

if it is heated above its melting-point (147*^) suddenly evolves oxygen, 
leaving the phenyl aminophenyl selenide,’^® very unhke the sulj)hur com¬ 
pound HgN 06114 ( 0113 ) 80 , which is stable up to a high temperature. 

Selenoxides with alkyl groups attached to the selenium undergo a 
different reaction on heating, which occurs so readily that they are 
difficult to make; they then decompose with elimination of an aldehyde: 


)SeO - R'SeH [- E CHO. 

RCH/ 

Alkyl sulphoxides do the same; for example, dibenzyl sulphoxide on 
heating gives off benzaldehyde.'^^®"^® The solenitine 



Se( 


/CH.COOH 


-Br 


does not lose its two Br atoms on heating, but is converted into 
tobSeBr + Br-CHa-COOH. 

Many selenoxides cannot be isolated, as the dihydroxides, formed from 
alkalies and the dibromides, begin to decompose before all their water 
has been removed. 

Selenones^ R2Se02 

The selenoxides, unlike the sulphoxides, are highly resistant to further 
oxidation. There are, however, two groups of compounds known of the 
composition of selenones. The behaviour of the first, comprising only 
OgSeOg, is in many ways different from that of a sulphone, but it may 
not have a different structure. 

Diphenyl selenone cannot be made by the oxidation of the 

selenoxide in acid solution, either by nitric acid or by dichromate, but 
in alkaline solution, or in water, on treatment with permanganate the 
selenoxide is converted into a colourless crystalline compound (C 6 H 5 ) 28 e 02 , 
melting at 155° and boiling under 9*5 mm. pressure at 270° with slight 
decomposition. If it is heated in a test tube it explodes feebly, and at 
300-400° it decomposes quietly into diphenyl selenide and oxygen, whereas 
diphenyl sulphone is stable up to a red heat. 

When the selenone is heated with sulphur it is reduced to the selenide 
with formation of sulphur dioxide; selenium has the same effect on 
diphenyl sulphone. The selenone, like selenic acid H 2 Se 04 , but unlike 


E. Fromm and O. Achert, Ber, 1909, 36, 534. 

"20 R. Pommerer, ib. 1909, 42, 2282; 1910, 43, U04. 
^21 F. Krafft and R. E. Lyons, ib. 189G, 29, 424. 
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diphenyl sulphone, reacts with hydrochloric acid even in the cold to form 
the dichloride and liberate chlorine. But while the selenoxide reacts with 
potassium iodide to liberate iodine at once, the selenone only does so 
slowly. 

There is a marked resemblance between diphenyl selenoxide <D 2 SeO and 
iodosobenzene <[> • 10: both are definitely basic, easily obtained from the 
dichloride, easily lose oxygen, liberate iodine from potassium iodide; and 
a similar parallel may be instituted between the selenone OgSeOg and 
iodoxybenzene O lOg, which are both of them more stable, neutral, 
explosive, and only slowly reduced. 

A second group of selenones has been obtained by Backer’^^^ by a 
remarkable method, the direct addition, in cold chloroform solution, of 
selenium dioxide SeO.^ to an alkyl butadiene (butadiene itself will not 
react); for example, from 2-methyl butadiene he obtains the selenone 


CH3— O— 

I >0 

H—C— 


2 > 


m. pt. 67° with some decomposition. It is scarcely soluble in benzene, but 
easily in water and in chloroform; it is stable when pure and dry, but 
when it is wet, or in aqueous solution, it readily decomposes, especially 
in light, with separation of selenium. 

It is very difficult with our present knowledge to say what the structure 
of these selenones is, or why they are so seldom formed. For the possible 
peroxide structure there is no real evidence. It will be noticed that the 
two kinds of selenones have the selenium attached either to a benzene 
nucleus or to an unsaturated ring. 


ORGANIC COMPOUNDS OF TELLURIUM 

Tellurium and selenium resemble one another more in their organic 
compounds than elsewhere. 

TelluromercaptanSy R • Te • H 

These are difl&cult to make, but have been prepared"^^® by the action 
of hydrogen telluride on alkyl halides in an alcoholic solution of sodium 
alkylate; boiling-points at 760 mm. are: 

MeTeH EtTeH w-PrTeH n-BuTeH 

57° 90° 121° 151° 

Dialkyl Tellurides 

These can be made from barium alkyl-sulphate and potassium tellu¬ 
rideby the reduction of the dihalide AlkgTeIg; by passing ether or 

H. J. Backer and J. Strating, Rec. Trav, 1934, 53, 1113. 

A. Baroni, Atti R. 1938, [vi] 27, 238. 

F. Wdhler and J. Dean, Ann, 1866, 93, 233. 
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Alkyl Tdlurides 

alcohol vapour over AlgTcg at high temperatures or best from tellurium 
dihalides and the Grignard reagents. They are colourless liquids with a 
very repulsive smell. 

(CHo) 2 Te is formed by the action of moulds on a sugar solution con¬ 
taining HaTeOg.’^e 

The boiling-points of some of these tellurides have already been given 
(p. 954): they have an unsaturated character like the selenides, but perhaps 
not quite so strong. They add on CI 2 and Br 2 , and are oxidized (slowly 
even by atmospheric air) to the telluroxides AlkgTeO, or with nitric acid 
to the ‘hydronitrates’ AlkgTeOjHNOg. They form complexes with mer¬ 
curic halides in acetone solution, such as Me^Te, HgBr 2 , m. pt. 160-1 

Diaryl Tellurides 

These were first prepared by Krafft and his collaborators’^’"^® by the 
action of tellurium on mercury diaryls. An example is diphenyl telluride 
(CeH 5 ) 2 Te, b. pt. 182"" at 16*5 mm. 

A more convenient mode of preparation is by the action of the Grignard 
reagent on tellurium dihalide. 


Cyclic Tellurides 

These are similar to the selenides, and made in the same way. Examples 
are: the ‘tellurohydrocarbon’ 

/€H2—CH2\ 

CH2<; ^Te, 

\CH2—CHg/ 


b. pt. 82-3° at 12 mm.,’^^"® and the 5-ring 


CH 2 —CH2\ 

j, > 

CHjj—CH/ 




b. pt. I 66776 O mm. made’^^ from tellurium and tetiamethylene dibromide, 
which gives the dibromide, which is then reduced with sulphite. See 
further references 


G. Natta, Brit. Chem. Abstr. 1926, 1023. 

M. L. Bird and F. Challenger, J.C.S. 1939, 163. 

F, Krafft and R. E. Lyons, Ber. 1894, 27, 1769. 

’28 F. Zeiser, ib. 1896, 28, 1670. 

’2® O. Steiner, ib. 1901, 34, 670. 

’20 See also K. Lederer, C.B. 1910, 151, 611; Ber. 1911, 44, 2287 ; 1913, 46, 1358, 
1810. 

’21 F. Carr and T. G. Pearson, J.C.S. 1938, 282. 

’22 K. Lederer, Ber. 1916, 48, 1345. 

’22 G. T. Morgan and H. Burgess, J.C.S. 1928, 321. 

’2* F. L. Gilbert and T. M. Lowry, ib. 2658. 

’22 G. T. Morgan and F. H. Burstall, J.C.S. 1931, 180. 

’2* C. Courtot and M. G. Bastiani, C.R. 1936, 203, 197. 

’2’ W. V. Farrar and J. M. Gulland, J.C.S. 1945, 11. 
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Group VI. Selenium and Tellurium 

Telluronium Compounds^ R 3 Te[X] 

These can be made by the action of tellurium tetrachloride on zinc 
alkyls, or better from the alkyl iodides and dialkyl tellurides.'^^® They are 
salts, like the selenonium compounds; their melting-points are low, e.g.: 

EtgTeCl —Br —I 

M. pt. , . 174° ir>2° 92° 

They are insoluble in ether, but very soluble in alcohol and in water. Their 
curious formation by the rearrangement of the dialkyl tellurium di-iodides 
is described below (p. 967). 

Whereas OgS and O^Se do not add on methyl iodide or only with 
difficulty, ArgTe does so wevy readily, but it adds ethyl and other alkyl 
iodides with difficulty. But the pure [ArgTeJX can be made from the 
action of the Grignard reagent on Ar 2 TeX 2 or TeC] 4 . Diphenyl benzyl 
telluronium bromide <I) 2 (^ ‘CH 2 )Te[Br],’"^ melts at 90^^; it is very easily 
soluble in chloroform, though only slightly in water. 

Diphenyl methyl telluronium iodide 02 (CH 3 )TeI, obtained’^® from 
diphenyl telluride and methyl iodide, gives with silver oxide the base 
<l> 2 CH 3 Te[OH], which smells like piperidine, and is a moderately strong 
base, expelling ammonia from solutions of its salts, but forming a car¬ 
bonate only in solution. The ArgTeOH base is similar. 

Lederer’s phenyl p-tolyl methyl telluronium iodide <l>(tol)(CH 3 )Te[I], 
was resolved’^^ through the bromo-camphor sulphonate and the camphor 
sulphonate. The active cation racemizes very rapidly, with a half-life of 
only a few minutes; but it was possible to show that the iodide prepared 
from the extreme fraction had an initial optical activity which vanished 
in a few minutes. 

Ditellurides 

These are less stable than their selenium analogues, and only one 
ditelluride (and no tritelluride) is known. This is the diphenyl compound 
O • Te • Te formed as a by-product in the action of phenyl magnesium 
bromide on tellurium dibromide; blood-red crystals melting at 53°; sodium 
in alcohol reduces it to the telluromercaptan O Te-H, and nitric acid 
oxidizes it to O • TeO * NO 3 . 

Aryl Monohalidesy R • Te • hal 

These are very little known, but they seem to resemble the selenium 
compounds quite closely. 

A. Marquardt and C. A. U. Michaelis, Ber. 1888, 21, 2043. 

739 K. Lederer, ib. 1916, 48, 1346. 

7^9 Id., Ann. 1913, 399, 262, 267. 

T. M. Lowry and F. L. Gilbert, J.C.S. 1929, 2867. 

7^* K. Lederer, Ber. 1916, 48, 1345. 
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Alkyl Tellurium Halides 

Dialkyl Tellurium Dihalides 

These are formed as in the selenium series by the direct combination 
of the telluroethers with chlorine or bromine. Diphenyl tellurium di- 
bromide is isomorphous with its selenium analogue. 

Dimethyl tellurium di-iodide was formerly thought to establish the 
plane structure of 4-covalent tellurium. Vernonshowed that it can be 
obtained in two diflFerent forms. The original a-iodide, made by the 
action of tellurium on methyl iodide, yields in solution a hydroxide, from 
which it can be re-formed by the addition of hydrogen iodide. But if this 
hydroxide is heated, it is converted into an isomer, which with hydriodic 
acid gives a new (jS) iodide. The isomeric bromides and chlorides were also 
prepared. The molecular weights of both forms of all three halides were 
found in solution to correspond to the simple formula (CH 3 ) 2 Te(hal) 2 . It 
was assumed that (CH 3 ) 2 Tel 2 could occur in two structures, which like 
the forms of the 4-covalent platinous compounds of Werner, must be the 
cis and trans. Lowryshowed that the ethyl compounds behaved in the 
same way. 

Then Drew’^® showed that while the a-series of halides of Vernon have 
the simple molecular weight, and are covalent compounds as he had 
supposed, the j 8 -series are not isomers but polymers: they have twice the 
molecular weight (Me 4 Te 2 X 4 ), though this difference does not appear in 
the molecular weight determinations, since they are highly ionized. Hence 
the occurrence of the two forms cannot be regarded as evidence for the 
steric disposition of the groups. Drew further showed that when the 
ot-base is converted into the / 3 -base there is a migration of a methyl group 
from one Te to another: and of an oxygen atom in the opposite direction: 

CH 3 \ r yfOl 

2 )Te->0 = [(CH 3 ) 3 Te] CH 3 Te( _ . 

CH 3 / \o. 

If the /3-base is treated with an equivalent of hydriodic acid the colourless 
trimethyl telluronium iodide crystallizes out, and then on evaporation a 
colourless substance CH 3 • TeO * O • TeO • CH 3 separates, which is the anhy¬ 
dride of CH 3 * TeO • OH (methyl tellurinic acid). With more hydriodic acid 
this gives the chocolate tri-iodide CHgTeIg, which if it is mixed with the 
telluronium iodide (CH 3 ) 3 TeI, gives Vernon’s black /3-iodide, which thus 
must be [(CH 3 ) 3 Te][CH 3 Tel 4 ]. Finally if the /3-iodide is treated with 
potassium iodide a colourless precipitate of the telluronium salt (CH 3 ) 3 Te[I] 
separates, and the red filtrate on evaporation gives the potassium salt of 
the anion K[CH 3 Tel 4 ]—a rather unusual form, since the tellurium is 
5-covalent. 

G. Pellini, Ber. 1901, 34, 3807; Gaz. 1902, 32, i. 131. 

R. H. Vernon, J,C.S, 1920, 117, 86, 889; I. E. Knaggs and R. H. Vernon, ib. 
1921, 119, 105; Vernon, ib. 687. 

T. M. Lowy, R. R. Goldstein, and F. L. Gilbert, ib. 1928, 307; Lowry and 
Gilbert, ib. 1997, 3179. 

H. D. K. Drew, ib. 1929, 560. 


T 
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Thus we have so far no evidence of the positions in the molecule 


CH, 

CH. 


S/'’- 


the tetrahedral structure of RgTe[X], with an octet, has no bearing on it, 
as here the Te has the decet 2, 8, and we should expect the structure to 
be that of a trigonal bipyramid with one position unoccupied, as has 
actually been established by X-ray analysis for the selenium analogue 
OgSeClg (p. 961 ). 

The suggestion that the Te—I links in this compound are singlets seems 
incompatible with the diamagnetism of the compounds (CH3)2TeX2, where 
X = Cl, Br, I, or 

The aryl dihalides are as easily made as the alkyl; ArgTe will take up 
halogen in ether.The dipole moments of the compounds ArgAXg, 
where A = S, Se, Te have been measuredin benzene; the values 
obtained are: 


(<I>CH,),SI, OjSeClj 

4*4 3*21 


OjSeBra 

3*40 


(^-tol) jToClj 
2-98 


(p-tol),TeBrj 

3-21 


[(^>.tol),TeCl]20 TeCl4 

6-1 2*67 D 


The dipole moments though large are not large enough for real salts 
of the type [RgAXJX, which should have moments of about 10 D. 


Trihalidesj R • Te(hal)3 

The acid CHg-TeOgH, obtained from Vernon’s j 3 -base, forms a yellow 
tribromide and a chocolate tri-iodide.’^® They are soluble in acetone and 
in ether to give red solutions; they are hydrolysed by boiling water to the 
colourless acid and halogen hydride, but on cooling these recombine and 
the trihalide crystallizes out. They decompose above 100°. The corre¬ 
sponding ‘acids’ R TeOgH, the tellurinic acids, are described below 
(p. 983 ). 

The aryl di- and tri-halides can also be made by the action of tellurium 
tetrachloride or the so-called ‘basic chloride’, which probably contains 
oxychloride, on aromatic compounds with powerful o, ^-directing sub¬ 
stituents, such as hydroxyl’®^ or amino groups.’®^ Thus when the addition 
compound 2 Me2N • C6H5,TeCl4 is boiled with water, the tellurium enters 
the para position on the ring, giving (Me2N CeH4)2TeCl2. This consists of 
yellow plates soluble in benzene, which turn blue at 181 ° and at 188 - 9 ° 
melt to a purple liquid. 

S. S. Bhatnagar and T. K. Lahiri, Z. Phys. 1933, 84, 671. 

Krause and v. Grosse, p. 683. 

K. Lederer, Ber, 1916, 49, 1082, 1615. 

K. A. Jensen, Z, anorg, Chem, 1943, 250, 246. 

G. T. Morgan and H. Burgess, J.C,S, 1929, 2214; G. T. Morgan and F. H, 
Burstall, ib. 1930, 2599. 

G. T. Morgan and H. Burgess, ib. 1929» 1103. 
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Cresols react in the same way, taking up Te in the o ov p positions, 
and giving all three types of compounds Ar 3 Te[Cl], ArgTeClg, and Ar - TeClg. 

TelluroxideSy RgTeO 

The dialkyl or diaryl tellurides are readily oxidized by atmospheric air 
or by nitric acid. The first give the telluroxide directly, the second its 
addition product with nitric acid, or ‘hydronitrate’, which probably has 
the structure R 2 Te 0 H[N 03 ]; this is converted by concentrated hydro¬ 
chloric acid into the dichloride RgTeClg, which with silver oxide gives the 
water-soluble alkaline base R 2 TeO. According to WChler’^^ EtgTeO is a 
thick alkaline oil whi(?h is very unstable, and forms a series of salts 
(soluble in water) with HNO 3 or one half of H 2 SO 4 . 

Morgan’s cyclic tellurohydrocarbon dibromides are converted in the 
same way by alkalies into telluroxides, which can also be made by the 
aerial oxidation of the tellurohydrocarbons themselves ; these oxides 
are very like the selenoxides: they are soluble in water and alcohol, and 
they regenerate the dichlorides with hydrochloric acid. 

The aryl compounds are similar. Di-phenyl telluroxide OgTeO and its 
derivatives OgTeXg (where X = Cl, Br, etc.) have been made.’^ The 
oxides are easily soluble in benzene or chloroform, but only slightly in 
alcohol or water; from the latter they crystallize as the dihydrates, which 
gradually lose water in the air, and return to the oxide. With strong 
acids they give salts or ionizable compounds, such as ArgTeClg or 
Ar2Te(N03)2. 

The tendency of the diaryl tellurides to oxidize is so strong that if 
diphenyl telluride is dissolved in ether, and the solution poured on to 
concentrated hydrochloric acid and air blown through the liquid, it is 
converted into the dichloride. 

The structure of the telluroxides must be the same as that of the 
selenoxides (p. 962), whatever that may be. 

TelluroneSy R2Te02 

(CH 3 ) 2 Te 02 can be made by the prolonged action of excess of HgOg on 
Me 2 Te (the first product is McgTeO); it is a white powder insoluble in all 
solvents. In the same way from cyclotelluropentane CsHioTe a white 
amorphous powder of the composition C 5 HioTe 02 ,H 20 is obtained.’^® 
It is insoluble; it explodes on rapid heating; it darkens at 195°; it liberates 
chlorine from hydrochloric acid, decolorizes permanganate solution, and 
decomposes violently on treatment with concentrated nitric or sulphuric 
acid. 

These are obviously highly polymerized in comparison with the sul- 
phones and selenones: but little more is known about them. 

Ann. 1852, 84, 80. K. Lederer, Ann. 1912, 391, 332. 

Krause and v. Grosse, p. 675. 

G. T. Morgan and 11. Burgess. J.C,S. 1928. 327. 
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SELENIUM OXIDES AND OXY-ACIDS 

[Selenium Monoxide, Although sulphur monoxide occurs, and probably 
tellurium monoxide (see below, p. 980), all attempts to prepare selenium 
monoxide have failed.]^^’ 


Selenium Dioxide^ SeOg 

This is the only certain oxide of selenium. It is formed by the direct 
oxidation of the element, which burns in air with a blue flame; the 
oxidation is catalysed by traces of nitrogen peroxide, and hindered by 
alkalies. 

Selenium dioxide forms colourless crystals, which sublime under 1 atmo¬ 
sphere at 315°, and melt under pressure at 340°.’^® The liquid is orange- 
yellow and the vapour yellow-green; this change of colour is reversible 
(it becomes colourless again on solidifying) and is not due to any loss of 
oxygen.*^®® Te02 behaves in the same way. The vapour density is normal 
from 360° to 500°.'^®® X-ray examination of solid SeOg shows that it con¬ 
sists of chains 


O 


O 


^0—So—O- 

o 


Se—O- 


-Se—0- 

O 


with Se—O 1*79 in the chain, and 1*73 outside^®^ it (theory Se—O 1*83, 
Se=0 1*65). 

Selenium dioxide gives a yellow solution in concentrated sulphuric or 
selenic acid,"^^® but no analogue of dithionic acid is formed. It absorbs 
moisture from the air, and is converted into selenious acid HgSeOg. It is 
easily reduced: thus with sulphur it gives SO 2 and free selenium, showing 
that the affinity of selenium for oxygen is weaker tlian that of sulphur. 
This ready reduction makes selenium dioxide a valuable oxidizing agent 
in organic chemistry (see below). With halogen acids SeOo forms com¬ 
pounds some of which are certainly oxy-halides, while others may be 
hydrated halides. 

The use of selenium dioxide as an oxidizing agent in organic chemistry 
is due to H. L. Riley: see also references 767-82 showed that ketones 
and aldehydes containing the ---CH., -CO group, when warmed with the 
dioxide, readily reduce it to elementary selenium, with the conversion of 


P. W. Schenk, Z. <morg, Chem. 1937, 233, 40J. 

J. Meyer and J. Jannek, ib. 1913, 83, 57 ; Ber. 1913, 46, 2876. 

J. Meyer and M. Langner, ib. 1927, 60, 285. 

D. M. Yost and J. B. Hatcher, J.A.C.S, 1932, 54, 151. 

J. D. McCullough, ib. 1937, 59, 789. 

H. L. Riley, J. F. Morley, and N. A. C. Friend, J.O.S. 1932, 1875. 
H. L. Riley and N. A. C. Friend, ib. 2342. 

S. Astin, A. C. C. Newman, and H. L. Riley, ib. 1933, 391. 

S. Astin and H. L. Riley, ib. 1934, 844. 

S. Astin, L. de V. Moulds, and H. L. Riley, ib. 1935, 901. 
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the group into —CO—CO—; thus acetone gives methyl glyoxal 
CH3 CO CHO. The yields are good, and the Se02 is easily regenerated 
by filtering off the selenium, oxidizing it back to SeOg with nitric acid, 
and subliming. Ketones without an adjacent CHg group, such as benzo- 
pheiione, are much less readily oxidized. Ethylene and propylene react’^® 
in the same way to give glyoxal CHO • CHO and methyl glyoxal; malonic 
ester gives mesoxalic ester EtO • CO • CO • CO • OEt, and tartaric ester the 
keto-hydroxy-succinate EtO • CO • CO • CHOH • CO • OEt. 

This curious tendency—which extends to many more complicated 
organic compounds—to oxidize an active methylene or similar group to 
carbonyl but no further, even when the product is an aldehyde—is very 
remarkable, and almost suggests that the ketone formed is protected from 
further oxidation by forming a complex with the dioxide, though of this 
there is no evidence."^®® It is singular that precisely the same peculiarity 
is observed with the A element of Group VI which is in the same period 
as selenium, namely chromium: dichromates, and chromyl chloride (as in 
the fitard reaction) have a strong tendency to oxidize CH2 groups to the 
ketone or aldehyde, and no further. 

Selenium Trioxide, SeOg 

Selenium occupies an anomalous position in the series S—Se—Te like 
that of bromine in the series Cl—Br—I; it has less tendency than either 
of the other members of the series to form compounds with several oxygen 
atoms: thus selenium gives no (or practically no) trioxide, though we have 
SO3 and TeOg, as we have HCIO4 and HIO4, but no HBr04. Selenium 
trioxide cannot be made by heating selenic acid H2Se04, or by treating 
it with P2O5 (which give the trioxide of S and Te): what is formed is the 

R. Tnichet, C.B. 1933, 196 , 706, 1613. 

R. K. Callow and O. Rosenheim, J,C.S. 1933, 387. 

C. H. Fisher, J,A,C,S, 1934, 56 , 2056. 

’’0 W. C. Evans, J. M. Ridgion, and J. L. Simonsen, J.C.S. 1934, 137. 

K. F. Armstrong and R. Robinson, ib. 1650. 

’’2 J. J. Potovski and B. P. Lugovkin, Bcr, 1935, 68, 852. 

W. Borsche and H. Hartmann, ib. 1940, 73, 839. 

The SeOg becomes less efficient on keeping: H. Kaplan, J.A.C.S. 1941, 63 , 

2654. 

J. V^ne, C.R. 1943, 216 , 772. 

A. Gnillemonat, ib. 1938, 206, 1126. 

Id., Ann. Ghim. 1939, [xi] 11, 143-211. 

N. N. Mehiikov and M. S. Rokitskaja, J. Gen. Chem. Buss. 1938, 8, 1369; 
1939, 9 , 1158, 1808. 

Id., ib. 1937, 7, 1532. 

I. J. Postovski, B. P. Lugovkin, and G. F. Mandrik, ib. 37. 

’81 N. N. Melnikov and M. S. Rokitskaja, ib. 1944, 14 , 1054, 1059; 1945, 15 , 
657. 

’83 J. A. Arbusov, N. D. Zelinski, and N. I. Schulkin, Bull. Acad, Sci. U.B,S,S, 
1945, 163. 

’83 Selenium dioxide also acts as a catalyst in the oxidation of olefines by hydrogen 
peroxide: see P. Seguin, C.B. 1943, 216 , 667. 
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dioxide Se02 ^nd oxygen; and if selenium is oxidized with ozone it only 
goes as far as the dioxide. 

The claimthat the trioxide can be made by passing ozone through a 
solution of selenium in the oxychloride SeOCla has not been confirmed.’^®® 

It was, however, found by Rheinboldt’®® that the trioxide is formed 
when a high-frequency glow discharge takes place in dry oxygen in 
presence of selenium; a white sublimate is produced, which turns deep 
green when it comes in contact with selenium, perhaps from the formation 
of a compound ScoOg, like the green SeSOg or the blue S2O3. This sublimate 
is very hygroscopic, and hisses with water, and the solution on treatment 
with alkali gives a mixture of selenite and selenate, with about 40 per cent, 
of the latter. This work has been confirmed by Olsen and Meloche.*^®’ 

Selenious Acid, H 2 Se 03 

This is made by the wet oxidation of the element, or by the action of 
water on the dioxide, which dissolves (unlike TeOg) and crystallizes out 
as the acid. An examination of the solid-liquid system Se02, water’®® 
showed that the only solid phases are Se02, H2Se03, and ice; unlike SO2, 
SeOg forms no hydrates other than HgSeOg. 

Selenious acid HgSeOg is a colourless’®’ crystalline substance, which is 
hygroscopic, and dissolves very readily in water; at the cryohydric point, 
— 23 °, the solution contains 57 per cent. Se02. The crystals easily lose 
water in dry air, and go over into the dioxide. 

Selenious acid is rather a weak acid, the first dissociation constant Ki 
being about 4x 10“® (about a quarter of the strength of sulphurous acid, 
for which Kx = 1*7 x 10“2), and the second about 10“®.”^^ The solution 
is very easily reduced, for example by sulphur dioxide: in strongly acid 
solution the product is free selenium, but in a less acid solution in presence 
of heavy metal salts their selenides may be produced: thus with copper 
sulphate cuprous selenide CugSe is formed. 

The salts are not very well known; they all decompose on heating, 
often to selenides. The alkaline”® salts have an alkaline reaction; the 

R. R. le G. Worsley and H. B. Baker, J.G.S. 1923, 123, 2870. 

J. Meyer and A. Pawletta, Ber. 1927, 60, 985; G. F. Hoffmann and V. Lenher, 
J.A.C.S. 1929, 51, 3177; G. B. L. Smith and C. L. Mehltretter, ib. 1931, 53, 3562. 

H. Rheinboldt, A. Hessel, and K. Schwenzer, Ber. 1930, 63, 1865. 

’8’ E. N. Kramer and V. W. Meloche, J.A.C.S. 1934, 56, 1081; E. Olsen and V. W. 
Meloche, ib. 1936, 58, 2511, 2514, 

7 88 Manchot and K. Ortner, Z. anorg. Chem. 1922, 120, 300. 

’88 Its solution in water is sometimes red, but this is due to an impurity (perhaps 
firee selenium) which can be removed by animal charcoal: J. Janickis, ib. 1932, 205, 
49. 

E. Blanc, J. Chim. Phys. 1920, 18, 28; E. B. R. Prideaux and J. S. Willcox, 
J.C.S. 1925, 127, 1543. 

H. Hagisawa, Bull. Imt. Phys.-Chem. Res. Japan, 1939, 18, 648. 

’•2 L. M. aark, J.G.S. 1928, 2388. 

’8® J. Jemickis, Z. anorg. Ghent. 1932, 205, 49; J. Janickis and A. Gutmanaite, ib. 
1936, 227, 1. 
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Selenious Esters and Halides 

potassium salt is much more soluble than the sodium, as is usual for the 
salts of a weak acid. Selenious acid is remarkable for its tendency to form 
acid salts, giving not only the usual acid salts MHSeOg, but also a Hetra- 
selenite’ MH3(Se03)2 where M = Na, K, or NH4. It also has a strong 
tendency to form complex salts; according to Rileythe 'selenito’ salts 
tend to have the Se03 group attached only by one oxygen, as in 
[Co(Se03)(NH3)5]Cl. This, however, may be peculiar to those salts in 
which the Se03 complex is part of the cation. For barium selenites see 
reference 

Selenious Esters 

The sulphurous esters occur in two isomeric forms, a symmetrical 
0 S( 0 R )2 and an unsymmetrical (sulphonate) R SOg OR, but the sele¬ 
nious’®® can only be prepared directly in one form, the symmetrical, 
although the unsymmetrical (selenonic) acid can be made in other ways 
(see below, p. 977 ). A careful study of these compounds’®’ has shown 
that whether they are made from selenium oxychloride SeOCla and sodium 
alkylate, or from silver selenite and alkyl iodide, the same product is 
obtained, as judged by boiling-point, density, and refractive index. These 
esters are all rapidly and completely saponified by water, which is good 
evidence that both the alkyls are attached to oxygen and not to selenium. 
The boiling-points are: Meg 60715 mm.; Etg 83715 mm.; Prg 1 IO715 mm. 
Phenyl magnesium bromide, which distinguishes the two isomeric sulphite 
esters by converting the unsymmetrical R SOg OR into the sulphone 
OSOg -R and the symmetrical OS(OR)2 into the sulphoxide <1>2S0, reduces 
the selenites to selenium. A very unstable ester-acid EtO-SeO OH can 
be made and also its chloride EtO-SeO Cl, b. pt. 175 °. 

Selenious Acid Halides 

Selenium dioxide has the power of absorbing gaseous hydrogen halides 
to form solid and liquid addition products; these on heating lose water 
and hydrogen halide, and are ultimately converted either into the acid 
halides SeO(hal)2 or into the tetrahalides. The structures of the com¬ 
pounds containing hydrogen are obscure; often they may equally well be 
regarded as hydrogen halide addition products of the dioxide, or as 
hydrates of the acid halide or of the tetrahalide. 

Fluorides 

Dry SeOg absorbs hydrogen fluoride gas very readily, giving a colourless 
mobile fuming liquid, which attacks glass slightly. On distillation a 
product is left which has a composition very near to SeOgfiHF.’®® The 
acid fluoride SeOFg can be made’®® from the chloride by heating it with 

H. L. Riley, J.C.S, 1928, 2985. 

’8® J. L. Neal and C. R. McCrosky, J.A.G^S. 1938, 60, 911. 

C. A. Michaelifl and B. Landmann, Ann, 1887, 241, 150. 

W. Strecker and W. Daniel, ib. 1928, 462, 186. 

E. B. R. Prideaux and J. O. N. Millott, J,C.S, 1926, 167. 

E. B. R. Prideaux and C. B. Cox, ib. 1927, 928; 1928, 739. 
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silver fluoride at 140 °. It is a colourless fuming liquid, b. pt. 124 °, 
m. pt. + 4 * 6 °, which attacks glass, silica, and elementary silicon violently, 
giving SeOg. 

Chlorides 

These are similar to the fluorides. Selenium dioxide absorbs hydrogen 
chloride gas readily, the amount depending on the temperature. The 
results®®® are compatible with the formation of two addition compounds, 
(1) SeOg, 4 HCl, a yellow solid stable at 0°, and (2) SeOg, 2 HCl, a yellow 
liquid capable of dissolving HCl, stable up to 170 °, and then distilling 
with some decomposition. If hydrogen chloride is passed over the dioxide 
at 30 °, the product has the exact composition of SeOg, 2 HCl. 

The oxychloride SeOCl2 can be made®®^ from Se02+SeCl4, or by the 
action of a little water on the tetrachloride, or most conveniently®®® by 
treating Se02, 2 HCl with P2O5 and distilling. It is an almost colourless 
liquid, boiling at 177 °, and melting at + 8 * 5 °; its electrical conductivity 
is low (about 10 “®),®®^"^ but its dielectric constant is high: 51*0 for the 
liquid at 10°, and 16-8 for the solid at 0°.®®® It is obviously covalent in 
the liquid state, being miscible with CCI4, chloroform, carbon disulphide, 
and benzene, though not with paraffins. It is hydrolysed by water to 
HCl+Se02. It forms a variety of co-ordination products, for example 
with stannic chloride, and with unsaturated hydrocarbons.®®^ 

Bromides 

Hydrobromic acid combines with selenium dioxide, though not quite 
so readily as hydrogen chloride, Se02,2HBr being formed at 107 ° (instead 
of 30 °); more is taken up at lower temperatures.®®® The oxybromide 
SeOBr2 can be made from the chloride SeOClg and sodium bromide, or by 
the action of bromine on a mixture of Se02 and Se.®®® It melts at 41 - 6 °, 
and boils at about 220° with some decomposition. It resembles the 
chloride very closely, but is less stable. 

Seleninic Acids^ R SeOgH 

These, which are selenious acid with one hydroxyl replaced by R, are 
the analogues of the sulphinic acids, and can be made by the oxidation 
of the diselenides with nitric acid.®®’"^^ 

BOO X. W. Parker and P. L. Robinson, J.C.S, 1928, 2853; 1931, 1314. 

V. Lenher, J.A.C.S. 1921, 43, 29; 1922, 44, 1664. 

A. P. Julien, ib. 1926, 47, 1799. 

J. E. Wildish, ib. 1920, 42, 2607. 

A. Muller, Chem. Ztg. 1919, 43, 843. 

SOS X. W. Parker and P. L. Robinson, J.C.S. 1931, 1314. 

V. Lenher, J.A.G.S. 1922, 44, 1664. 

807 W5hler and Dean, Ann. 1866, 97, 6. 

808 R. Rathke, ib. 1869, 152, 216. 

F. Krafft and R. E. Lyons, Ber. 1896, 29, 424. 

810 M. Stoecker and F. Krafft, ib. 1906, 39, 2197. 

811 H. J. Backer and W. van Dam, Rcc. Trav. 1935, 54, 531. 

81* W. H. Porritt, J.C.S. 1927, 27. 
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It is remarkable that whereas nitric acid will oxidize sulphur in a 
disulphide to the sulphonic acid R • SO 3 H, it will only take Se in a diselenide 
as far as the seleninic acid R • SeOgH, just as it only oxidizes selenium to 
selenious acid, but sulphur to sulphuric: chlorine, however, which oxidizes 
selenium to selenic acid, correspondingly oxidizes the selenides or di- 
selenides to the selenonic acids R SeOaH. The seleninic acids can also 
be made®^“ by the action of hydrogen peroxide on an aryl seleno-glycollie 
acid Ar-Se-GHg-COOH, formed by condensing the aryl selenomercaptan 
Ar-Se-H with chloracetic acid. 

The alkyl seleninic acids are hygroscopic, and they are all soluble in 
water. They are even weaker than the carboxylic acids,but they form 
salts, such as CHa-SeO-ONa, 4 HgO, and OSeOgAg, from which other 
salts such as the barium and cupric salts (the last explosive) can be 
j)re])ared. The acid cannot be got by treating the silver salt with HgS, 
as this reduces it to Se,^^^ but the silver can be removed with HCl, and 
the filtrate on evaporation leaves white crystals of • 8 e(OH) 3 , m. pt. 122 ", 
which at 130" loses water and goes over to the acid O • Se 02 H, m. pt. 170". 
Like the sulphinic acids this is reduced by zinc dust to the mercaptan 
a).Se‘H. 

This ‘acid’ is amphoteric, and has definite basic properties, forming 
addition products with a whole series of strong acids, such as Ar-SeOgH, 
HNO3 and CH 3 8 ^) 211 , 1101 , which should no doubt bo written 
[Ar-Se( 0 H) 2 ]N 03 and [CH 3 Se(OH) 2 ]Cl. The nitrate is explosive. 

This amphoteric character is shared by the selenonic acids (p. 978), and 
is possessed even more strongly by the tellurium analogues. 


Selenic Acidy H 2 Se 04 

This is made by the vigorous oxidation of selenium or the dioxide, 
usually with chloric acid or fused potassium nitrate; nitric acid is not 
j)owerful enough. The best method of preparation,®^^ giving over 90 per 
cent, yield, is to oxidize selenium to Se 02 with nitric acid, and then heat 
this with chloric acid (from barium chlorate and H 2 SO 4 ) not above 170", 
and finally in vacuo. Solutions of selenic acid must not be heated above 
210", or in the presence of chlorides above 170", or they will lose oxygen. 

Selenic acid H 2 Se 04 , m. pt. 57-8", is isomorphous with sulphuric acid, 
which it resembles very closely in many ways. It is a strong acid, about 
twice as strong as sulphuric (at pg3 K is 2*6 x lO"^ for this, and 1*3 X 10 ~^ 
for 112804 ).®^^ Like sulphuric acid it forms two hydrates 1138004 , HgO and 
H 2 Se 04 , 4 H 2 O; that corresponding to H 2 SO 4 , 2 HoO has not been found. 
The melting-points are: 


HaSe 04 . . . +57-8^^ 

H 2 Se 04 , HjO . . + 26 ° 

HaSe04, 4 H 2 O . . -61*7° 


112804 . . . +10*4° 

H 2 SO 4 , H 2 O . . + 8*5° 

HaS04, 2 H 2 O . . -38° 

HaS04, 4 H 2 O . . -29° 


J. Meyer and H. Moldenhauer, Z. anorg. Chem. 1921, 116, 193. 

For the comparison of sulphur and selenium see J. Meyer, ib. 118, 1. 

A. L. Agafonova and J. V. Chodakov, C.R. Acad. Set. ILR.S^S. 1943, 40, 350. 
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In general, while selenium and tellurium are very similar to one 
another in their quadrivalent compounds, much more than they are to 
sulphur, in the -ic acids the resemblance is between selenium and sulphur, 
and tellurium is very different. Sulphur and selenium both form crystal¬ 
line acids H2XO4, which melt easily to thick oily (highly associated) 
liquids; they form similar hydrates; they both have a strong affinity for 
water; they readily form condensed acids both with one another and 
with other elements of the series, such as H2S2O7, HgSSeO;, H2SeCr07, 
and H2Se207®^®; the salts of the same base are usually isomorphous and 
have similar solubilities; the two acids can usually replace one another 
in complexes. In all these points tellurium behaves quite differently: 
H2Te04 does not exist at all, and telluric acid is HeTeOe- 

The chief difference between selenic and sulphuric acid is that the 
former is the less stable, and more easily loses oxygen. Sulphuric acid 
can be heated to 300 ° without decomposition, whereas selenic acid begins 
to decompose in presence of chlorides below 200°. Sulphurous acid is 
oxidized by atmospheric air to sulphuric; but selenious acid can only be 
made to take up more oxygen by a powerful oxidizing agent. So, too, 
concentrated sulphuric acid has no action on hydrochloric acid hot or 
cold, though it oxidizes hydrobromic acid when hot and hydriodic when 
cold. But even dilute selenic acid will oxidize hydriodic acid quantita¬ 
tively, so that the reaction can be used for its analysis, and will oxidize 
hydrobromic acid fairly easily; while concentrated selenic acid will oxidize 
hydrochloric, so that a mixture of the tv^o concentrated acids behaves 
like aqua regia and dissolves gold and platinum. In the same way while 
the sulphuric esters are very stable, the selenic esters (see below) are liable 
to explode on heating, like nitric esters, owing to internal oxidation and 
reduction. Again the hydrazine salt®^^ is colourless when pure, but soon 
goes pink from the separation of selenium. If it is touched with a hot 
rod it explodes loudly, giving off a red aerosol of selenium, which only 
settles slowly. 

So, too, selenic acid is very readily reduced by reagents which will not 
attack sulphuric acid under the same conditions: as, for example, by zinc 
dust acting on the dilute acid. 

The salts of selenic acid—the selenates—resemble the sulphates very 
closely. They are mostly isomorphous with the corresponding sulphates, 
chromates, and manganates. They form alums and vitriols. The solubili¬ 
ties of the selenates generally lie very near to those of the sulphates, but 
are rather larger: for example, BaS04 2*6 mg. per litre; BaSe04 82*5 mg. 
per litre at the ordinary temperature. The resemblances are often sur¬ 
prisingly close: thus,®^® calcium selenate forms a hemi-hydrate which 
behaves like plaster of Paris: Na2Se04, IGHgO effloresces in air like 
Glauber’s salt; at 31 * 8 ° (sodium sulphate at 32 * 4 °) it goes over to the 

J. Meyer and V. Stateczny, Z. anorg, Ghem. 1922, 122, 1. 

J. Meyer and W. AuUch, Ber. 1928, 61, 1839. 

Id., Z, anorg, Chem, 1928, 172, 321. 
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anhydrous salt, of which the solubility diminishes with rise of tempera¬ 
ture ; like the sulphate it forms a metastable heptahydrate. 

Again, both acids form nitrosyl [NO]^ salts. The selenate®^® [N0]HSe04 
is not formed from SeOg and nitric acid, as the sulphur compound is from 
SO2 and nitric acid, but by the action of liquid nitrogen trioxide on the 
anhydrous selenic acid. It forms colourless crystals, decomposed by water 
with evolution of oxides of nitrogen, soluble without decomposition in 
sulphuric acid or alcohol, and melting at 80 ° with decomposition; in all 
these points it closely resembles the sulphur compound. 

The same resemblance holds with the double saltsand also with the 
true complex salts. Thus Meyer has made a long series of complex 
chromi- and cobaltiselenates, and shows that they always resemble the 
corresponding sulphates very closely. 

Selenic Esters^ R2S0O4 

Selenic acid reacts with alcohols®^^ to give alkyl selenic acids, such as 
EtO-SeOg OH, of which salts can be made. The acid and its salts are 
very unstable: the salts are isomorphous with the alkyl sulphates. 

The dialkyl esters can be made®^^^ from the alkyl hahde and silver 
selenate; the methyl ester can also be got from selenic acid and diazo¬ 
methane. The esters can be distilled in vacuo without decomposition 
(b. pts, Me2 100715 mm.; Etg 105712 mm.; Prg 135725 mm.), but under 
ordinary pressure they decompose explosively (though not so violently as 
the alkyl nitrates) at about 150 °, giving various products including free 
selenium and aldehydes. 

Selenonic Acids^ R SeOgH 

These acids cannot be made on the analogy of the sulphonic acids by 
oxidizing the selenomercaptans with nitric acid: or by the action of silver 
selenate on alkyl halides: or by heating phenyl hydrogen selenate: or by 
treating selenic acid with phenol. The alkyl selenonic acids were first 
made®^® by oxidizing with KMn04 seleninic acids Alk SeO OH made 
from the selenides AlkgSe and H2O2, with elimination of one alkyl. 

The aromatic selenonic acids can be made (like the sulphonic acids) by 
heating the hydrocarbon with H2Se04: e.g. from benzene at 110°; or by 
the action of chlorine (the oxidizing agent always used for the preparation 
of derivatives of selenium trioxide) on the diselenides.®^® Thus if diphenyl 
diselenide O Se Se O is suspended in water and treated with chlorine 
at 50 ° and then with excess of silver oxide, silver benzene selenonate 
O • SeOsAg separates on evaporation; from this other salts can be made; 

J. Meyer and W. Wagner, Bcr. 1922, 55, 690. 

J. Meyer, Z. anorg, Chem, 1921, 118, 1. 

J. Meyer and W. Wagner, Ber. 1922, 55, 1216. 

W. Strecker and W. Daniel, Ann. 1928, 462, 186. 

J. Meyer and W. Hinke, Z» anorg. Chem. 1932, 204, 29. 

M. L. Bird and F. Challenger, J.C.S. 1942, 670. 
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the silver salt is explosive. The free acid can be got by treating the silver 
salt with HgS: it is remarkable thab while H2S reduces the seleninic acids 
it does not reduce the selenonic (compare the relative reducibility of chloric 
and perchloric acids). 

Phenyl selenonic (benzene selenonic) acid forms white crystals, which 
melt at 142°, and explode at 180°; it forms a hydrate. Heated alone it 
explodes feebly, giving diphenyl selenide, diphenyl diselenide, and free 
selenium. Cold concentrated hydrochloric acid reduces it, as it does 
selenic acid. 

Selenonic acids can sometimes be made directly by a very peculiar 
reaction.If selenic acid is heated with acetic anhydride in para- or 
ortho-xylene (in other hydrocarbons the reaction does not occur below 
temperatures at which the selenic acid is reduced) it reacts to form the 
selenonic acid (Me2CeH3)Se03H. These acids (m. pts. ortho 108-110°; 
para 95-6°: the name refers to the relative positions of the methyl groups: 
the substitution is, of course, o, p) are very like the sulphonic acids; their 
salts are also very like the sulphonates. 

Like the seleninic and also the telluronic acids (but unlike the sulphonic) 
the selenonic acids can act as bases and add on strong mineral acids. This 
power is more marked with tellurium. 

Mixed Oxides 

Sulphur, selenium, and tellurium all dissolve in sulphuric acid, sulphur 
trioxide, and selenic acid, to give coloured solutions. On standing there 
is often a reaction, for exam})le with the separation of selenium or its 
dioxide, but the primary j^roduct seems to have the added element directly 
attached to the sulphur or selenium of the solvent, and not to its oxygen; 
for example, if sulphur is dissolved in selenic acid it is reprecipitated on 
immediate dilution, but on standing it is converted into SOg: selenium 
dissolved in this acid is also reprecipitated on dilution, but on standing is 
converted into SeOg. The colour of the compound depends on the dissolved 
element rather than on the dissolving acid or oxide; thus we have (Se03 
is written for 1138604): 

Blue . . S-SOg S-SeOa 

Green . . Se • SO3 Se • SeOg 

Red . . Te.SOj Te-SeOg 

These compounds have not all been isolated. Se-S03,®2^ from a solution 
of selenium in sulphuric acid or sulphur trioxide, forms green crystals, 
stable (unlike SgOg) to warming: it gives a green solution. 

Various other mixed oxides or their hydrates are known. The melting- 
point curve of H2Se04-f shows maxima for H2Se04,S03, melting- 

point +6-6° (salts known), and for H2Se04,2S03, melting-point -[-20°. 

R. Anschutz, J. Kallen, and K. Riepenkrdger, Ber. 1919, 52, 1860. 

E. Moles, J. Chim. Phys. 1915, 13, 207. 

J. Meyer and V. Stateczny, Z. anorg. Chem. 1922, 122, 1. 
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Another mixed compound, of which also salts are known, is H2Se04, CrOs,®^® 
which melts at 200° to a green liquid. 

Mixed Acids 

The only very definite one seems to be selenosulphuric acid HgSSeOa,®^^ 
the salts of which are got from a polyselenide and a bisulphite. On addition 
of acid Se is precipitated: there is probably an equilibrium 

SeSOr + H+ HSO3 + Se, 

which is driven to the right by excess of acid. 

The salts are isomorphous with the thiosulphates, but rather less 
stable; iodine liberates Se, but forms no dithionate. The formation of 
selenosulphates may explain why traces of selenium greatly promote the 
decomposition of sulphite to SOJi+S.®^^ 

Carbon Selenides 

Carbon oxyselenide 0=C=Se: Pearson and Robinson ®®^^ showed that 
if dry carbon monoxide is passed over selenium at a low red heat, the 
issuing gas contains about 4 per cent, of this, which can be frozen out 
with liquid air. It is monomeric in the vapour, melts at —122*2°, boils 
at —20776O mm.: critical temperature +121°. It is colourless and evil 
smelling. It is stable in the cold but easily decomposed to CO + Se on 
heating. 

Carbon sulphoselenide CSSe can be made®®^ by passing an arc between 
a selenium anode and a carbon cathode under CSg, or more easily®®® by 
passing CSg vapour over ferrous selenide at 650°; the yield is very small; 
the CSSe is isolated by fractional distillation. It is a yellow liquid boiling 
at 84° and melting at —85°; the vapour density is normal, and so is the 
molecular weight determined cryoscopically in benzene and in bromoform. 
Unlike the disulphide it is a strong lacjirymator, and has a very offensive 
smell. It is stable in the dark, but decomposes in the light; it is reduced 
by zinc and HCl to HgS and HgSe. 

Carbon diselenide was obtained in traces by Rathke in 1869 from 
PaScs+CC^ at a red heat, and by Bartal in 1906 by passing CCI4 over red 
hot cadmium selenide. A better yield was obtained®®^ when a mixture 
of HoSe and CCI4 vapour was passed through a tube at 500° and the best 
by8®4a action of methylene chloride vapour on selenium at 550-600°. 
It is a yellow liquid boiling at 124°/760 mm., and melting at —45*5°; 
Trouton constant 22-8. It wiU not burn in air, and slowly decomposes on 

82 » p Foerster, F. Lange, O. Drossbach, and W. Seidel, ib. 1923, 128, 289. 

T. G. Pearson and P. L. Robinson, J,C,S, 1932, 652. 

831 R. H. Purcell and F. D. Zahoorbux, ib. 1937, 1029. 

832 A. Stock and E. Willfroth, Ber. 1914, 47, 144. 

*33 H. A. V. Briscoe, J. B. Peel, and P. L. Robinson, J.C.S. 1929, 56, 1048. 

*3* H. G. Grimm and H. Metzger, Bet. 1936, 69, 1356. 

*34« D. J. G. Ives, R. W. Pittman, and W. Wardlaw, J.C.S. 1947, 1080. 
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standing in light. It readily polymerizes in various complicated ways, 
especially in contact with ammonia. It forms a selenoxanthogenate 
CSe(SeK)OEt with alcoholic potash. 

An attempt®^^ to make CTcg in this way gave no result, although CSTe 
has been made.®^^ 

Seleno-ketones, R2C=Se or [RgC^SeJg 

Thioketones are little known, and seleno- and telluroketones were quite 
unknown till in 1927 Lyons and Bradt®®®, by treating a cooled mixture 
of ketone and concentrated hydrochloric acid with hydrogen selenide (on 
the analogy of the thioketones®®’), got the seleno-ketones Me 2 C=Se, 
MeEtC=Se, Et 2 C=Se. They were all heavy volatile red oils with a very 
unpleasant smell and were all shown by the freezing-point in benzene to 
be dimeric (R 2 CSe) 2 . (Me 2 CSe )2 boils at about 220-307760 mm. and 
94-776-10 mm. Acetophenone gives a similar compound, also dimeric, 
also red, but non-volatile in steam. 

TELLURIUM OXIDES AND OXY-ACIDS 
Tellurium certainly forms two, and probably three oxides. 

Tellurium Monoxide^ TeO 

This compound is not quite certain. Divers and Shimose®®® found that 
above 180^ the mixed oxide TeS 03 gives off SO 2 and leaves TeO. This 
was disputed,®®® but has been confirmed by Partington and Doolan,®^® 
who found that if TeS 03 heated until no more loss occurs, it turns 
black, and has nearly the right percentage of Te for TeO. The product 
is a black amorphous powder, which is stable in air in the cold. On 
heating in vacuo it is converted into a mixture of Te and TeOg, and in 
moist air it is oxidized to TeOg. Concentrated sulphuric acid dissolves it 
to a red solution, from which tellurium separates on standing. 

Tellurium Dioxide^ Te02 

This is the stablest oxide, and is formed when tellurium is burnt in air 
or oxygen. It is a colourless crystalline substance, and is dimorphic, 
separating from water in octahedra, and from the fused substance in 
rhombic or monoclinic needles. It melts at 452-0'',®^^ and as with Se02 
the colourless solid turns into a dark-yellow liquid. This can be distilled 
at a bright red heat, apparently without any decomposition. 

Tellurium dioxide is almost insoluble in water: at the ordinary tempera- 

A. Stock and P. Praetorius, Ber, 1914, 47, 131. 

R. E. Lyons and W. E. Bradt, ib. 1927, 60, 824. 

E. Fromm and E. Baumann, ib. 1889, 22, 1035, 2592. 

83* E. Divers and M. Shimos5, J. pr, Chem. 1881 [ii] 24, 218; Ber. 1883, 16, 1004. 

888 A. Damiens, C.E. 1924, 179, 829. 

8 ^8^. J. Doolem and J. R. Partington, J.C.S. 1924, 125, 1402. 

8*1 A. Simek and B. Stehlik, Coll. Czech. Chem. Comm. 1930, 2, 304. 
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ture 7 mg. dissolve in 1 litre, presumably as a tellurous acid HgTeOg, 
though the solution is scarcely acidic. It is soluble in concentrated H 2 SO 4 , 
in concentrated hydrochloric acid, and to some extent in nitric acid, 
forming apparently a sulphate, a chloride, and a nitrate. It can be used 
like SeOg (but less eflfectively) for organic oxidations, 

Alkaline hydroxides (but not ammonia) dissolve it to form tellurites 
MgTeOa; alkaline carbonates react only on boiling, so that tellurous acid 
appears to be weaker than carbonic. 

Tellurous acid can be oxidized to the tellurate by fusion with potassium 
nitrate, giving K 2 Te 04 . But at high temperatures it is a strong oxidizing 
agent, being readily reduced to tellurium, and it has been suggested for 
use in organic combustions. 

Tellurium dioxide is amphoteric, and like selenium dioxide forms a 
series of addition compounds with strong acids. With hydrochloric acid®^^ 
it forms at — 10 ° Te 02 , ^ HCl, which easily loses HCl to give Te 02 , 2 HCl: 
this is stable up to 90°, and then loses HCl and H 2 O, forming perhaps an 
oxychloride. The solution of TeOg in HCl can be shown by E.M.F. 
measurements with a reversible tellurium electrode®^® to contain teDurium 
cations Te^"^. Their concentration is proportional to the fourth power of 
the hydrogen ion concentration, which is compatible with the reaction 

HaTeOa + 4 H+ = Te^^ + 3 H^O. 

The concentration of Te^"^ in a saturated solution of HgTeOa is found to 
be 6 x 10”^®, which means that there are 360 individual ions per c.c. 

The normal sulphate Te(S 04)2 is by no means well established; but 
2 Te 02 , SOa can be made from TeOg and concentrated H 2 SO 4 , and forms 
6 -sided prisms.®^® When strongly heated, it melts, loses SO3, and leaves 
TeOa: it is violently hydrolysed by water. A white compound 2 TeOa, TeOa 
has been prepared. 

With concentrated nitric acid®^® fairly stable crystals of 2 TeOa, HNOs 
are formed. 

On treatment with 70 per cent. HCIO4 a crystalline compound 2 TeOg, 
HCIO4, is obtained,®^® which can be dried at 300°, but is at once hydrolysed 
by water. 

Tellurium Trioxide^ Te 03 

This substance is obtained by heating telluric acid, H^TeOe. The last 
traces of water are very hard to remove. At a low red heat it breaks up 

8*2 D. Klein and J. Morel, C.R, 1884, 99, 540, 567; 1886, 100, 1140; BuU, Soc. 
Ohem. 1885, [2] 43, 204; Ann. Chim. Phya. 1885, [6] 5, 81. 

8« A. Ditte, C.R. 1876, 83, 446. 

C. H. Fisher and A. Eisner, J. Org. Chem. 1941, 6, 169. 

8*® J. Kasamowsky, Z. phyaikcd. Chem. 1924, 109, 287. 

8*® B. Brauner, J.C.S. 1889, 55, 382; K. Vrba, Z. Krist. 1891, 19, 1. 

8®’ R. Metzner, C.R. 1897, 124, 32. 

8^8 p. Kdthner, Ann. 1901, 319, 15. 

8®8 F. Fiohter and M. Schmid, Z. anorg. Chem, 1916, 98, 141. , 
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into oxygen and the dioxide. It is not attacked by cold water, cold HCl, 
hot HNO3, or moderately concentrated potassium hydroxide; it dissolves 
in water on prolonged heating to give the acid HgTeOe, and in solutions 
of alkaline hydroxides and carbonates; its general behaviour is very like 
that of ignited ferric or stannic oxide, but it is a strong oxidizing agent. 
Hot concentrated HCl converts it into Cl 2 +Te 02 +TeCl 4 : boihng with 
concentrated potassium hydroxide converts it into the tellurate. On 
prolonged heating it changes into a second form which is grey, denser 
(6*21 instead of 5*075), insoluble in concentrated acids and alkalies, and 
generally much less reactive. 

Tellurous Acid^ H2Te03 

In the series of dioxides SOg, SeOg, TeOg, the volatility falls (b. pts. 
— 10°, 315°, ca. 500°) owing presumably to increasing auto-complex forma¬ 
tion, and at the same time the tendency to hydrate, and also the acidity 
of the acids H 2 XO 3 , diminish, although the acidities of the hydrides go 
in the opposite direction: 

First dissociation constants, and ratio Kh^xo,/I^h,x* 




Ratio 

H,SO, l-7xl0-» 

H,S 

1 X 10-7 

170,000 

HjSoO, 4 X 10-» 

HjSe 

1*9 X 10'* 

21 

HjTeO, 0-6 xlO-' 

HjTe 

2-3x 10-» 

0*0026 


The compound H 2 Te 03 has never really been isolated. When the 
potassium salt is treated with nitric acid, white flocks separate, but they 
have no definite formula; they dissolve easily in water to give an acid 
solution, but on warming above 40° Te 02 separates out. 

Salts are known not only of tellurous acid HoTeOg, but also of condensed 
acids such as HgTcgOs, and even up to H 2 TeeOi 3 . In alkaline solution all 
these tend to be oxidized by air to the tellurate; in acid solution, on the 
other hand, they are very readily reduced to tellurium, for example, by 
SO 2 , HgNOH, tin, zinc, copper, mercury, etc., as well as by many organic 
substances. The normal alkaline tellurites M 2 Te 03 are colourless and 
easily soluble in water, but the solutions decompose easih^ and absorb 
carbon dioxide from the air. The acid salts MHTeOa are converted by 
water into M 2 Te 03 +Te 02 . 

The ease of oxidation diminishes as the complexity increases: atmo¬ 
spheric air will oxidize M 2 Te 03 at 450°, but it has no action on 

M2Te403.852 

No tellurous esters are known. 

E. Montignie, Z. anorg. Chem. 1943, 252, 111. 

Id,, Bull. Soc. 1947, 564, 

e.g. by oxalic acid in light: A. Benrath, Z, wise. Phot, 1915, 14, 218. 

V. Lenhei and E. Wolesensky, J,A,G,S, 1913, 35, 718. 
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Tellurinic Acids, R-Te' 


/O 

\OH 


These are the analogues of the sulphinic and seleninic* acids. Phenyl 


(or benzene) tellurinic acid made by Lederer®^®; he con¬ 

verted diphenyl telluride O Te Te <[) by oxidation with nitric acid into 

/'O 

the nitrate O Te : the replacement of the sulphur of a sulphimc 

[NO3] 

acid by tellurium makes the compound amphoteric; this nitrate when 
treated with alkali gives the phenyl tellurinic acid, a white powder of 
m. pt. 21P, which is soluble in alkalies and in acids, but not in the 
ordinary organic solvents. 


Tellurium Oxyhalide^ 

These are very uncertain. From solutions of the dioxide in halogen 
acids, various sohds have been obtained, but none which correspond 
to the simple oxyhalides. For the fluorides see Prideaux,®^^ and for the 
chlorides and bromides Parker and Robinson. 


Telluric Acid 

While selenic acid has a great resemblance to sulphuric, telluric acid 
is quite different. It has a strong tendency to polymerize or condense, 
and as the molecular weight increases the solubility gets less and less, and 
the solutions tend to become colloidal; in fact the general behaviour of 
telluric acid is not unlike that of stannic acid. 

But among these various forms of the acid the simple form H 2 Te 04 
does not occur, though its salts are known. The normal or ortho acid, 
with one Te atom in the molecule, is HgTeOe, or Te(OH)e (isoelectronic 
with the stannate ion [Sn(OH)6] ). This ortho acid is made by oxidizing 

tellurium or its dioxide®^® with chromic acid in nitric acid®^’; on cooling 
the solution HeTeOe crystallizes out. 

There are at least two definite forms of the acid, ordinary or ortho- 
telluric acid HeTeOe, and allotelluric or poly-meta-telluric acid, of the 
formula (H 2 Te 04 )^, where n is about 11. Very possibly there are other 
intermediate condensed forms as well; but the simple form H 2 Te 04 does 
not exist. 

* For these see p. 974 and reference 

K. Lederer, Ber. 1915, 48, 1345. 

E. B. K. Prideaux and J. O’N. Millott, J,C,S. 1929, 2703. 

855 ip Parker and P. L. Robinson, ib. 1928, 2853; 1931, 1314. 

L. Staudenmaier, Z. anorg. Chem. 1895, 10, 189; J. Meyer and H. Molden- 
hauer, ib. 1921, 119, 132. 

J. Meyer and W. Franke, ib. 1930, 193, 191. 

6114.2 
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Ortho-telluric acid HgTeOg is the most stable form. It has been shown 
by X-ray analysisthat the 6 OH groups are arranged octahedraUy. 
Salts of this form are known, such as the silver salt AggTeOe,®^^ and 
an ester Te(OCH 3)5 (below). In the alkaline salts the hydrogen is only 
partially replaced, as in M 4 H 2 TeO 0 or M 2 H 4 TeOe. In general the alkaline 
teUurates are not isomorphous with the sulphates and selenates, but there 
are exceptions; K 2 Te 04 , KoSe 04 , and K 2 SO 4 have been shown by X-ray 
analysis to have the same structure, and the acid salts RbHS 04 , 
RbHSe 04 , and RbHTe 04 give mixed crystals with one another.®®^ 

HeTeOe appears to be dimorphic. On heating it gradually loses water, 
and it is possible to stop when the composition is that of H 2 Te 04 , but 
there is no indication that this is an individual. Further heating converts 
it into TeOg and then into tellurium dioxide and oxygen. The acid 
crystallizes from cold water as HeTeOg, 4 HgO, and loses its 4 HgO at 10°; 
its solubility in water is about 34/18°.The solution is colourless and 
has a metallic taste. In cold water telluric acid behaves as a normal 
electrolyte: its molecular weight is almost exactly that required for 1 Te 
atom per molecule. On heating the acid polymerizes and the solution 
becomes colloidal; on cooling it returns again to its previous state. The 
same is true of the alkaline teUurates such as Na 2 H 4 Te 06 , whose solutions 
(at least on heating) are opticaUy inhomogeneous; they have been called 
‘half coUoids\864 

Ortho-teUuric acid is a very weak acid, with 
= 6 X 10-7, Z 2 = 4x 

It cannot be titrated as it is not much stronger than hydrogen sulphide 
(lXl0~7), but like boric acid it gives strongly acid complexes with 
glycerol, which can be titrated with phenol-phthalein.®®® 

The ester Te(OCH 3)0 is made by the action of diazomethane on teUuric 
acid in absolute alcohol®®’; it forms white crystals melting at 86-7° 
to a turbid liquid. It is readily saponified by water, acids, or 
alkalies. 

Ortho-teUuric acid is distinctly more easily reduced than its sulphur or 
selenium analogues, and often (for example, by SO 2 , zinc, iron, or hydra¬ 
zine) to teUurium. 

L. Pauling, J.A.C.S. 1933, 55, 1898; see also L. Passerini and M. A. Rollier, 
Atti R, Line. 1935, [vi] 21, 364. 

See E. Montignie, Bull. Soc. Chem. 1935, [v] 2, 864. 

®®® M. Patry, C.R. 1936, 202, 1516. 

G. PelHni, Atii R. Line. 1909, [v] 18, ii. 279; Qaz. 1910, 40, i. 380; ii. 37. 

®®a F. Mylius, Ber. 1901, 34, 2219. 

®®® A^ Gutbier, ib. 2724; Z. anorg. Chem. 1904, 40, 260; 42, 174. 

®** A. Rosenheim and G. Jander, KoU. Z. 1918, 22, 23. 

E. Blanc, J. Chim. Fhys. 1920, 18, 28. 

®®® See A. Hantzsch, Z. EleJctrochem. 1918, 24, 201. 

»•’ G. Fellini, Oaz. 1916, 46, ii. 247. 
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Allo-telluric Acid 

Mylius^®^ found that the ortho-acid if heated in a sealed tube to 140° 
melts to a colourless syrupy mass, which is miscible with water. In 
solution its conductivity is 3 or 4 times as great as that of the ortho-acid, 
but on standing this falls, and if the solution is concentrated the ortho¬ 
acid crystallizes out. Freezing-points indicate that polymerization has 
occurred and this allo-acid is presumably a polymerization or condensa¬ 
tion product of the ordinary acid. Mylius’s work has been repeated and 
confirmed by Pascal and Patry.®®®"’^^ The product of heating the ortho¬ 
acid is a mixture, but owes its peculiar properties to a polymerized acid 
(H2Te04)^, of which esters can be obtained by refiuxing with alcohol. ®'^^ 
Patry concludes that this is the only telluric acid other than the ortho, 
and thinks that n = It is clear that in water this goes over to the 

ortho-acid, the two being in equilibrium, and the polymer being favoured 
by rise of temperature and by increase of concentration. 

Carbon Sulphotelluridey S=C=Te 

Tliis has been made by Stock®’® by passing an arc between an electrode 
of carbon and one of mixed carbon and tellurium under carbon disulphide 
at 0°. The product contains up to 5 per cent. CSTe with up to 1 per cent, 
carbon subsulphide C3S2; the latter is removed by fractional distillation 
below 0° and by combination with jS-naphthylamine. Carbon sulpho- 
teUuride has a melting-point of —54° and an extrapolated boiling-point 
of about -j-110°; it is yellow-red, and melts to a bright red liquid which 
soon decomposes; it smells of garlic. It is monomeric by the freezing-point 
in benzene and the boiling-point in CS2. It is very unstable; it is decom¬ 
posed by light and must be prepared in the dark; it soon decomposes at the 
ordinary temperature, evolving carbon disulphide and apparently leaving 
a mixture of carbon and tellurium. 

Tellur oketones y R2C=Te 

These were made®’^ by the same method as the selenoketones (p. 980), 
by passing hydrogen telluride into a 1:1 mixture of the ketone and con¬ 
centrated hydrochloric acid at 20-5°. The products are clearly of quite 
a different type from the selenoketones; they are all more volatile (b. pts. 
MegCTe 55-8°/10-13 mm.; MeEtCTe 63-6°/9~10 mm.; EtgCTe 69- 
72°/8-ll mm.); they are all found by the freezing-points to be monomeric 
in benzene, and they have a different smell, which is choking, but not 
unpleasant. 


P. Pascal and M. Patry, C,R. 1935, 200, 708. 

M. Patry, ib. 1597. 

Id., ib. 1936, 202, 64. 

Id., ib. 2088. 

Id., BvU. Soc, Chim, 1936, [v] 3, 845. 

A. Stock and P. Praetorius, B&r, 1914, 47, 131. 
R. E. Lyons and E. D. Scuddcr, ib. 1931, 64, 530. 
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SELENIUM AND THE HALOGENS 
Theke are four ])ossible types of these, with the formulae (M Se or Te) : 
Mj,(hai) 2 ; M^ial).; M(hal) 4 ; M(hal)6. 

SELENIUM AND FLUORINE 

Here there are two deiinite known eonipounds, Std'^ and SeFg: there 
are no indications of Se 2 F 2 or SeFg. 

Sehniuni tetrafluoride was formerly confused with the oxyfluoride 
SeOFg (p. 973). SeF 4 was obtained by Prideaux®'^^ by the action of silver 
fluoride on selenium tetrachloride. It boils at 93°, melts at 13*2°, and 
lias a density of 2*77. It is colourless and is converted by silicon in the 
cold into silicon tetrafluoride and selenium. 

Selenium Hexafluoride 

This was disce^^ered in 190(» by Prideaux®^® and further investigated 
by Yost and Claussen^^^ and Henkel and Klemm.”'^ In the table^”* 
is the heat of formation of the gaseous molecule from its atoms. 




Heat of 


Subl. 

Sbst. 

Ha 

Subl. 

Fvsion 

M, pt. 

pt. 


428*5 

5-04 

1-39 

-50-8 

— ()3'S 

SoF. 

407-2 

6*60 

(2-01) 

34-6 

- 46-6 

ToFe 1 

470*2 

6-74 

(!-90) 

-37-8^ 

38-9 


The heats of formation from the atoms (H^) are calculated from the 
heats of atomization: F 31*75; 8 66*3; Se 61; Te 55. They give for the 
heat of formation of the links: 

8—F Se—F Ttv-F 

71*5 07-2 78*4 k.cals. 

SeFe has the same kind of extreme stability as SF^; it does not attack 
glass and is not absorbed or changed by water. Yost and Claussen^’^” have 
shown that SeFg reacts with ammonia slowly at 200° and much more 
rapidly at 330°, to give nitrogen, selenium, and hydrofluoric acid. This 
agrees with the calculated heat of reaction: 

2NH3(g) f 8eFe(g) - N 2 (g) d Se(s) | 6 HF(g) + 116-0 k.cals. 

Hence the chemical inertness of these hexafluorides is not due to the lack 
of a thermodynamic tendency to react. 

The evidence that SeFg and SFg are covalently saturated and TeFe 
not, will be discussed under TeFg (p. 990). 

E. B. R. Prideaux, J.C.S. 1928, 1603. 

Id., ib. 1906, 89 , 316, 

D. M. Yost and W. H. Qaiissen, J.A.G.S. 1933, 55, 885. 

P. Henkel and W. Klenim, Z. anorg. Chem, 1935, 222, 65. 
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SELENIUM AND CHLORINE 

Three compounds of these elements probably occur in one state of 
aggregation or another, Se 2 Cl 2 , SeCl 2 , and SeCl 4 . 

Diselenium Bichloride^ SegClg 

This substance, often called selenium monochloride, can be made”^-* 
from its elements, by the action of selenium on its tetrachloride, by 
reducing SeCl^ with PCI 3 (giving PCI 5 ), or by dissolving selenium in oleum 
and passing gaseous hydrogen chloride into the hot solution. It is a 
brownish-yellow oily liquid, smelling like SgClg- Its molecular weight in 
ethylene dibromide is that of Se 2 Cl 2 .^^^^ It is heavier than water and is 
slowly decomposed by it to give selenious acid, hydrochloric acid, and 
free selenium. Unlike distil without fairly complete 

decomposition. 

It can be distilledin a high vacuum, being condensed with solid CO 2 : 
the distillate is newly pure, but some' sedenium remains behind, and 
obviously the vapour is dissociated. 

SC 2 CI 2 is miscible with benzene. Its dipole moment in the solution is 
2*1 Thig suggests that there is some 

/Cl 

Se<-8e( 

present. When warm it is a good solvent for selemium, which separates 
on cooling in the grey form, which is insoluble in carbon disulphide. It 
behaves as an iinsaturated compound: with chlorine it gives the tetra¬ 
chloride, with bromine the compound SeClBrg: with phenyl magnesium 
bromide it gives diphenyl diselenide O-Se Se O, which reacts with excess 
of bromine to give the tetrabromide CgHs • SeBr^ • SeBr 2 • C 6 H 5 . It reacts 
with ethylene like S 2 CI 2 to give ‘selenium mustard gas’ Se(CH 2 * 011201 ) 2 .®®^ 
SSeCl 2 , b. pt. 68720 mm. can be made®®^ by heating sulphur and Se 2 Cl 2 in 
a sealed tube at 200 °. 


Selenium Bichloride^ SeClg 

The solid-liquid curve®®^ of the system Se—Cl gives no evidence of the 
existence of SeCb, which probably does not occur in the liquid or the solid 
state; but it has been shown ®®®“’^ tha t the vapour of selenium tetrachloride 

F. Krafft and O. Steiner, Ber, 1901, 34, 560; F. H. Heath and W. F. Semon, 
J. Ind> Eng. Chem. 1920, 12, 1100. For a good summary of its properties see V. 
Lenher and C. H. Kao, J.A.C.S. 1926, 48, 1550. 

E. Beckmami, Z. physikal. Chem. 1910, 70, 1. 

A. Voigt and W. Biltz, Z. anorg. Chem. 1924, 133, 294. 

C. P. Smyth, G. L. Lewis, A. J. Grossmann, and F. B. Jennings, J.A.C.S. 
1940, 62, 1219. 

C. E. Boord and F. F. Cope, ib. 1922, 44, 395. 

A. Baroni, Atti E. 1937, [vi] 25, 719; 26, 456. 

J. H. Simons, J.A.C.S. 1930, 52, 3483. 

D. M. Yost and E. C. Kircher, ib. 4680. 
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has half the expected molecular weight, and, from the effect of excess of 
chlorine on the vapour pressure,®®"^ that the vapour must consist of 
SeCl 2 +Cl 2 . Also, if Se 2 Cl 2 is heated, Se is left behind, so that probably 
here too the vapour contains SeCl 2 . The vapour density of SeClg is 
constant from 190° to 600°,®®®“’ which is evidence that in the vapour 
state SeClg is very stable, as we might expect it to be. But in the liquid 
or solid state it seems to go over to Se 2 Cl 2 or SeCl 4 or both. 

Selenium Tetrachloride^ SeCl4 

This is formed by the action of excess of chlorine on selenium, or of 
PCI5 on SeOg, or better by chlorinating selenium under carbon tetra¬ 
chloride.®®® It is even formed by the action of concentrated HCl on 
Se 02 .®®^ 

Selenium tetrachloride forms colourless crystals which sublime on 
heating. There has been much dispute about the density of the vapour; 
but recent work®®®”’ agrees in showing that the vapour has, from 190° 
to 600° at least, just half the density of SeCl 4 , and (above) that it consists 
of SeCl 2 +Cl 2 , and not of Se 2 Cl 2 + 3 Cl 2 . SCCI 4 melts under pressure at 
305d:; 3° to a red liquid, and it sublimes with a vapour pressure of one 
atmosphere at 196°. As with SCI4, there is no evidence that it occurs in 
anything but the solid state. 

SeCl 4 is quite insoluble in CSg, but it can be recrystalhzed from POCI 3 ; 
it decomposes when it is dissolved in sulphur, and it is decomposed by 
water, first to SeOCl 2 and then to selenious acid H 2 Se 03 . It reacts with 
the Grignard reagent to give ArgSeClg,®®® or with benzene in presence of 
aluminium chloride to give OgSe, <I> 2 Se 2 , and fl[) 3 Se[Cl].®^^ 

It forms addition compounds such as SeCl 4 ,AuCl 3®®2 and SeCl 4 ,SbCl 5 .®®® 
Yost shows ®®® from the vapour pressures that the heat of reaction is 

SeCl 4 (s) = SeCUg) + ClgCg) ~ 35*58 k.cals. 

Hence, if we adopt Julius Thomsen’s value of 46*16 k.cals. for the heat 
of formation of H, of SeCl 4 ( 8 ), we have for the of SeClg 

Se(s) + Cl 2 (g) - SeCl 2 (g) -10*58. 

SELENIUM AND BROMINE 

The volatility and vapour density of mixtures of selenium and bromine®®® 
show that the only selenium compound in the vapour is SeBrg, which in 
the vapour is stable from 250° to 500° at least, but on condensation gives 
as liquid or solid only bromine, SogBrj, and SeBr 4 . It is especially marked 

V. Lenber, J.A.C.S. 1920, 42, 2498. 

J. Meyer, Z. anal. Chem. 1914, 53, 145. 

W. Strecker and A. Willing, Ber, 1916, 48, 196. 

891 Bradt and J. F. Green, J. Org, Chem. 1937, 1, 540. 

L. Lindet, C.R. 1885, 101, 1492. 

898 Weber, Fogg. Ann. 1865, 125, 78. 

D. M. Yost and J. B. Hatcher, J.A.C.S. 1931, 53, 2549. 
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that a mixture in the proportions of 2 Br to 1 Se if vaporized gives practi¬ 
cally no sign of the band spectrum of bromine, but when it is cooled, as 
soon as the vapour begins to condense, the bromine bands appear. 

The descriptions of Se 2 Br 2 thus apply only to the liquid, and those of 
SeBr 4 only to the solid. 

SegErg 

It is a very deep red liquid, less stable than the chloride Se 2 Cl 2 . It is 
slowly decomposed by water or alkalies to give HBr, selenious acid, and 
free selenium. It dissolves undecomposed in CSg. 

SeBr4 

This is less stable than Se 2 Br 2 ; it easily loses bromine, and at 70-80° is 
wholly converted into Se 2 Br 2 +Br 2 . It forms yellow crystals and sublimes 
as a mixture of Se 2 Br 2 and SeBr 4 . It gives a clear solution in water, being 
hydrolysed to HgSeOg-f-HBr. With SO3 it forms a compound SeBr 4 , 2 SO3 
(m. pt. 75°), which on heating evolves bromine and SOg, and gives a 
yellow sublimate of the composition Se 0 Br 2 ,S 03 . 

SELENIUM AND IODINE 

The supposed compounds of these elements do not appear to be isolable; 
the two elements give a simple eutectic curve. 

The molecular weight of Se as found by the freezing-point in iodine 
is Se 2 .®‘-^® 

It has, however, been found®^^ that light that has passed through two 
separate solutions of selenium and iodine in carbon disulphide has an 
absorption band at 4,200-4,500 A, which is absent when the two solutions 
are mixed. Also while selenium is not measurably soluble in carbon 
disulphide, it dissolves in presence of iodine, the ratio la/Se being 40-0±0* 1. 
Thus there is evidence of combination, though no compounds can be 
isolated. 

SELENIUM COMPLEX HALIDES 

These are all selenites of the type M 2 Se(hal) 6 , with the valency group 
2 , 12 ; the anions have been shown to be octahedral; they are formed by 
chlorine and bromine, but neither by fluorine nor by iodine. 

Hexachloroselenites^ MgSeClg 

Though the corresponding tellurium compounds MgTeCle are known, 
and also the bromoselenites, the chloroselenites have only been obtained 

G. Pellini and S. Pedrina, Atti R. Line. 1908, [6] 17, ii. 78; E. Beckmann and 
R. Hanslian, Z. anorg, Chem. 1913, 80, 221; E. Beckmann, Berl. Akad. Ber. 1913, 
886 ; E. Beckmann, E. Griinthal, and O. Faust, Z. anorg. Chem. 1913, 84, 97; 
E. Montignie, Bull. Soc. Chim. 1937, [v] 4, 132. 

F. Olivari, Atti R. Unc. 1908, [5] 17, ii, 389; 1909, [6] 18, i. 466; ii. 94, 264. 
E. Beckmann and O. Faust (Z. anorg. Chem. 1913, 84, 103) and R. Wright (J.O.S. 
1916, 107, 1527) agree. 

J. D. McCullough, J.A.C.S. 1939, 61, 3401. 
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recently, chiefly, it would seem, owing to their great solubility. Petzold^^^ 
has now made the salts of potassium, ammonium, and a series of alkyl- 
ammoniums. SeCl4 is dissolved in concentrated HCl (no doubt as HoSeClg, 
though this cannot be isolated), the alkaline chloride, also dissolved in 
concentrated hydrochloric acid, is added, and the solution cooled to 0°. 
The salts (which are all anhydrous) crystallize out. They are very hygro¬ 
scopic and are quickly decomposed by moisture. 

Hexabromoselenites^ MgSeBr^ 

These are made in the same way, by the combination of 8eBr4 with 
HBr or alkaline bromides; here, however, the free acid can be obtained, 
as dark red crystals from hydrobromic acid.^^'^^"^”^ 

The salts^^^ are dark red; they give clear (but hydiolysed) solutions in 
water. The potassium salt is very unstable in air, easily losing bromine; 
the ammonium salt is much mere stable.The j)otassium salt is said®®^ 
to be isornorphous with the tellurium analogue, and the ammonium salt 
(NH4)2SeBr6 with the corresponding Pb, Pt, and Sn salts. This presumably 
implies that the anion in M2SeBre is octahedral in spite of the central atom 
having a valency group of 14 (2, 12, with the inert pair), instead of 12 as 
in the Sn and Pt compounds. 

TELLURIUM AND THE HALOGENS 

The compounds of tellurium with the halogens are on the whole very 
similar to those of seleraum. 

TELLURIUM AND FLUORINE 
The only fluoride definitely isolated is the hexafluoride, although it is 
fairly certain that lower fluorides exist. 

Tellurium hexafluoride is formed®®^ by the action of fluorine on tellu¬ 
rium. For its physical constants see above, p. 986. It has an unpleasant 
smell, like a mixture of ozone and hydrogen tclluride^®^ (SFg has no smell: 
nothing seems to be said about SeFg). It is slowly absorbed by water, 
with complete hydrolysis to telluric acid HgTeOe.^^^ Also,^’^’^ while SeFg 
does not react with selenium below the melting-j)oint of glass, TeF^ reacts 
with tellurium below 200°, giving a white solid which is perhaps TeFo. 

The inactivity of SeFe as comj)ared with TeF^ is important as evidence 
that the covalency maximum of selenium is 6, while that of tellurium is 
higher. As we have seen (p. 986), the inactivity of SeFg is not due to any 
exceptional thermodynamic stability, and can only be explained by an 

W. Potzold, Z. anorg. Chem. 1932, 209, 267. 

A. Gutbier and W. Griinewald, J, pr, Chem. 1911, [2] 85, 321. 

J. Meyer and V. Warm, Z. anorg. Chem. 1930, 190, 90. 

W. Muthmann and J, Schafer, Ber. 1893, 26, 1008 ; J. F. Norris, J .A .C.S. 1898. 
20, 490; V. Lenher, ib. 555; A. Gutbier and F. Engeroff, Z. anorg. Chem. 1914, 89, 
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abnormally great heat of activation, which in turn must be due to the 
covalent saturation of the central atom. This conclusion is further sup¬ 
ported by the length of the covalent links in these hexafluorides, which 
have been measured by Brockway and WalL®®^ As they showed in the 
tetrachlorides of Si, Ge, and Sn, the occurrence of resonance is indicated 
by a shortening of the observed links, as compared with the lengths 
calculated from other compounds in which resonance cannot take place; 
and resonaiKJe is only possible if we can have as a constituent structure 
one with a double link between the halogen and the central atom, and 
this requires that the central atom should not already be covalently 
saturated. With the hexafluorides we have no means of calculating what 
the normal length of this link should be; we only know the radii of the 
2 -covalent 8, Se, and Te atoms, which must certainly be somewhat larger. 
So we should expect all the distances to be rather short, but those where 
there was resonance (i.e. the link in TeFg) should be shorter still. The 
observed facts bear this out, wdiethcr we consider the absolute or the 
percentage difierence: 


Length of X-F in A.U. 



SF, 

SeF. 

TeF. 

Calciilate'd 

1*68 

1*81 

2*01 

Observed . , . 

1*58 

1*70 

1*84 

Difference 

-0*10 

-0*11 

-0-17 

Difference per cent. . 

-6*0 

-6*1 

-8*5 


It is clear that other compounds of tellurium and fluorine exist, but hone 
have been isolated. These elements have been found (Moissan, Prideaux) 
to give sohd products of doubtful composition. Yost and Claussen®’^’^ on 
fractionating TeFg got about 1*3 c.c. of a liquid boiling at about + 60 ®, 
which was not pure, but which gave a molecular weight from the vapour 
density of about 340 (TeFg ^ 241 * 5 ), so that it must have more than one 
Te atom in the molecule. 

Whytlavv-Gray^^^ finds that if TeFg is heated in a tube of AI2O3 to 200®, 
the tube is not attacked, but the TeFg is completely absorbed, and fine 
white needles of the composition TeF4 remain; these are rapidly hydro¬ 
lysed by water, or even by exposure to ordinary air. Metzner®®® obtained 
from the action of concentrated hydrofluoric acid solution on tellurium, 
crystals of HTeFs, 5 HgO, from which salts can be got; a similar com¬ 
pound TeF^, 4 H.2O has been described. 

TELLURIUM AND CHLORINE 
Two compounds have been described, TeClg and TeCl4. 

L. O. Brockway and F. T. Wall, J.A.C,S, 1934, 56, 2373. 

G. A. R. Hartley, T. H. Henry, andR. Whytlaw-Gray, Nature, 1938,142, 962. 

R. Metzner, Ann. Chim. Phys. 1898, [7] 15, 203. 

A. Hogbom, Bull. Soc. Chim. 1881, [2] 35, 60. 
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Tellurium Bichloride^ TeClg 

A black substance of this composition is formed by the action of chlorine 
on tellurium in the right proportions, or by heating TeCl 4 with Te.®®® It 
appears to be amorphous, melts at 175°, and boils at 324°. See further 
reference After distillation this always contains a sUght excess of 
tellurium®^® (compare SCL). 

The vapour obtained from this solid has a characteristic spectrum; its 
density corresponds to TeCla- The liquid formed on fusion has the fairly 
high conductivity of 0-042 at 206°.®^® The solid is fairly reactive, the 
tellurium easily going over into the quadrivalent state; for example, water 
converts it into HgTeOg+Te, oxygen into Te02+TeCl4. It attracts water 
from the air and is soluble in ether. It is decomposed by acids and alkalies 
with the separation of tellurium. 

Tellurium Tetrachloridey TeCl4 

This is readily formed from its elements, or by the action of tellurium 
on other chlorides such as S 2 CI 2 or AsClg. It forms®^^ white crystals, 
melting at 225° and boiling at 390°. It gives an orange-red vapour, whose 
density up to 500° (where dissociation sets in) corresponds to TeCl 4 . The 
heat of evaporation is 18-4 k.cals., w^hich gives the very high Trouton 
Constant of 27-8. The parachor is 267-8 from 238° to 322°. The electrical 
conductivity is that of a salt; it is 0-1145 at 236° and,0*203 at 316°.®^® 

In spite of the high conductivity it has the solubility of a covalent 
compound, being soluble in benzene and toluene, as weU as in methyl and 
ethyl alcohol, but not in ether. Electron diffraction of the vapour^^^ 
indicates a trigonal bipyramid with one equatorial place empty, as is to 
be expected with a valency decet (2,8); Te—Cl 2-33 A (theory 2-36), 
angle Cl—Te—Cl 93-f~3°. 

Its chemical properties are unlike those of the volatile chlorides of 
sulphur and selenium, and more like those of, say, SbClg. It has not a 
very strong affinity for water; cold water dissolves it and precipitates 
TeOg*, hot water (which does not dissolve TeOg) gives a clear solution. 
Hydrochloric aeid dissolves it to form the same solution as is got from 
Te02 and HCl, containing HgTeOg, TeOg, HTeClg, HgTeClg, and possibly 
an oxychloride. 

TeCl 4 reacts with many organic compounds, especially those containing 
carbonyl groups,and also with dimethylaniline,®^^ forming first an 
addition compound (Me 2 N<&) 2 ,TeCl 4 , and then the diaryl dichloride 
(MeaN • CeH 4 ) 2 TeCl 2 . It forms a number of addition products such as 

C. A. A. Michaelis, Ber. 1887, 20, 1780, 2488. 

A. Damiens, Ann. Chim. 1923, [9] 19, 44, 179. 

A. Voigt and W. Biltz, Z. anorg. Ghem. 1924, 133, 297. 
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T©Cl4*2 AICI3, TeCl 4 , 2 EtgO, T©Cl 4 , 3, and 6 and also a curious 

compound T©Cl 4 ,S 03 , which is yellow and melts at 180°. Another is 

TeCl4, 2 SOs. 

TELLURIUM AND BROMINE 

Two compounds have been described, and probably exist, TeBr^ and 
TeBr4. 

Tellurium Dibromide, TeBrg 

This is very like TeClg. It forms blackish-green crystals, m. pt. 210 °, 
b. pt. 339°, giving a violet vapour. Measurements of the vapour density 
show that the molecule is TeBro up to 750°; it cannot be a mixture of 
TcgBrg+Big since it gives no bromine absorption bands. It is hydrolysed 
by water in the same way as TeCl 2 , to H 2 Te 03 +HBr-f-Te. 

TeBrg has been shown by electron diffraction®^’^ to have a Br—Te—Br 
angle of 98:1:3°; the Te—Br distance is 2*51 A (theory 2*51). 

Tellurium Tetrahromide 

This again is made from its elements. Dark yellow or red crystals, 
m. pt. 380J:6°, b. pt. 414-27° with dissociation. At 432° the vapour is 
more than 90 per cent, dissociated into TeBrg+Brg; at 600° this dissocia¬ 
tion is practically complete; the TeBio does not itself break up to Te-fBrg 
below l, 000 °.®i« 

TeBr 4 gives a clear solution in a little water and, on cooling, red crystals, 
apparently a hydrate, separate. Much water precipitates TeOg, which is 
soluble in HBr. 

It forms®^® an addition compound with aniline (HgN- 00115 ) 2 ,TeBr 4 . 

TELLURIUM AND IODINE 

The two elements mix in the liquid state in aU proportions, but the 
only certain compound is Tel 4 . The only maximum in the solid-liquid 
Te—I curve®^® is at Tel 4 , m. pt. 259°, in a sealed tube: black crystals 
which begin to volatilize and dissociate at any temperature above 100 °. 
Insoluble in CCI 4 , CS 2 , ether, chloroform, acetic acid; slightly soluble in 
acetone and ethyl and amyl alcohols. This is the only binary compound 
of iodine with sulphur, selenium, or tellurium that has been isolated. 

COMPLEX TELLURIUM HALIDES 

Complex fluorides seem to be unknown, but the other halogens give 
complex acids and salts, which are always derived from the tetrahahde, 
and are of two types M[Te(hal) 5 ] and M 2 [Te(hal) 0 ]. The first kind, which 
is unusual, occurs as the free acid with all three halogens: HTeCls, 5 HgO, 

W. Strecker and W. Ebert, Ber. 1925, 58, 2527. 

D. M. Yost and J. B. Hatcher, J.A.C.B. 1932, 54, 151. 
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yellow needles: HTeBrg, 5 H 2 O, orange crystals, m. pt. 20°: HTcIs, 8 HgO, 
black, m. pt. 55°. They are all unstable, and readily lose halogen acid in 
the air; only the chloride seems to be known to give salts. The presence 
in the chloride and the bromide of an odd number of water molecules 
suggests that one at least is part of the anion, which has probably the 
6 -covalent form [Te(hal) 5 , H^O]'. 

The more usual type M 2 Te(hal)e has not been obtained at all as the free 
acid, but is well known in a series of salts, chlorides, bromides, and 
iodides.Of the alkaline salts the hexachlorides are yellow, the hexa- 
bromides orange to scarlet, amd the hexaiodides black. They dissolve 
without decomposition in a small (juantity of water, but with more water 
they are hydrolysed, with the precipitation of TeO^. Hence they must 
be recrystallized from the halogen acid. 

The alkaline hexachloro- and hexabromo-tellurites, like the selenitcs, 
are isomorphous with the other salts MoXBr^, where X ™ Se, Pb, Pt, Sn, 
and also with M 2 SiFe: so that they must have an octahedral arrangement 
with a valency group of 14 (2, 12). 


Halides of Sulphur^ Selenium, and Tellurium: suimruiry 
[v. = vapour; 1. — liquid; s. - solid.] 


Type 

F 

Cl 

Br 

1 


S,Fj ? ? 

SgClg stahio 

SjBrj, 

S :no 


Se: no 

Se^Cla ]. 

ScgBrg 1. 

Se: no 


Te:no 

Te: no 

1 

Te: no 

Te:no 

MX, 

SF 2 ? ? 

SCI 2 less stable 

S: no 

S: no 


Se:no 

vSeClg V. only 

ScBi’g V. only 

So: no 


Te;no 

TeClj V., ? s. 

TeBrg s., L, v. 

Te: no 

MX« 

S:no 

SCh 40" 

S:no 

S :no 


SeF, + 93° 

SeCh s. only 

SeBr 4 s. only 

Se: no 


TeF, ? ? 

TeCh, s., 1., V. 

TeBr 4 s., 1. ‘ 

Tel 4 s. 

MX, 

SF, 

S:no 

S: no 

S :no 


SeF, 

Sc: no 

Se:no 

S(^: no 


TeF, 

To: no 

To; no 

Te: no 
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Polonium was discovered in bismuth from pitchblende by the Curies in 
1898, being the first element to be discovered by means of its radioactivity. 
It was separated by W. Marckwald m 1902^^^ as a deposit formed on a 
bismuth plate when immersed in a solution of the chloride. Recent 
methods of concentration^^^"® follow the original plan, and usually end 
with separating the element by immersing a plate of sdver (or sometimes 
gold or nickel) in the solution. 

Polonium is a product of the decay of radium, and is identical with 
radium F. Its half-life is 138*7 days.^^? jg therefore present in old 
specimens of radium compounds to the extent of 1/5,000 of the radium: 
1 gramme of polonium is contained in 25,000 tons of pitchblende, or in 
7*5 kg. of radium more than 30 years old. It is now often got from old 
radon bulbs from hospitals, usually by electrolysis onto nickel or platinum. 
Other isotopes of No. 84 with their half-life periods are AcA (0*0015"), 
ThA (0*14"), RaA (3*05 min.), AcC' (0*005"), ThC' (lO'^i sec.), and RaC' 
(10-^ sec.). Hevesy^^® has tried to find an inactive isotope in tellurium 
and bismuth minerals by adding a trace of polonium and concentrating 
this, when any inactive 84 should have been concentrated with it; but 
none was found, though 1 part in 10^^ of the mineral could have been 
detected. Similar fruitless searches for inactive isotopes of radioactive 
elements have been made, by Aston for emanation 86 , by Hahn and 
Donath for radium 88 , and by Hevesy for actinium 89; but since bismuth 
83 has both inactive and active isotopes there seemed to be more hope of 
finding an inactive 84. 

Metallic jjolonium was obtained®^^ by volatilization from nickel onto 
a thin collodion film; about 10 "” g. was got as a layer some 100 A thick. 
This gave a good X-ray pattern like that of tellurium, each Po having 
4 nearest neighbours about 3*40 A away: so that the radius of Po is 1*70 A. 

The chemistry of polonium is of great interest, as it is the heaviest 
member of the sulphur subgroup, but our knowledge of it is naturally 
small, and much of the evidence needs careful scrutiny. 

On the whole its chemical properties seem to be those which we should 
expect from its position. It resembles tellurium (it was at one time called 
radio-tellurium) and also to some extent its neighbour bismuth. We 
should expect that the inert pair would be more marked in polonium than 
in tellurium , and accordingly that polonium would have more the character 
of a quadrivalent metal. This is so: hexavalency is very rare, and the 
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usual valency is 4, which is well marked. The resemblance to bismuth is 
certain, but is much less than that to tellurium. The hexavalency is 
indicated by its forming solid solutions with the tellurate K 2 Te 04 ,3 
The similarity to tellurium is shown by the value of the discharge potential, 
the easy reduction of the chloride, the large hydrolysis of the chloride and 
nitrate, the precipitation of the sulphide from acid solution, and the 
existence of a volatile hydiide. Differences from tellurium are that the 
salts in acid solution are less easily reduced, that the hydi'oxide is insoluble 
in ammonia, and that the sulphide is insoluble in solutions of alkaline 
sulphides. The position of the element in relation to tellurium and bismuth 
is shown by the fact^^® that if alkah is added to an acid solution containing 
Te, Bi, and Po, the bismuth precipitates first as hydroxide, then the 
polonium, and last, just before the solution becomes neutral, the tellurium; 
if still more alkali is added, the tellurium goes first into solution, then the 
polonium, and lastly the bismuth. 

Elementary polonium is volatile at about 1,000°; when it is made by 
reduction (e.g. of the chloride with zinc) in solution, it can separate in the 
colloidal state^^^; this is a general characteristic of polonium and its 
compounds. 

It forms a volatile hydride, which was discovered by Paneth, and which 
no doubt has the formula PoHg. This can be made by dissolving magne- 
sium in a hydrochloric acid solution of polonium.The maximum yield 
is 0*1 per cent. It can be separated from the hydrogen by condensation 
in liquid air. It is very unstable even at —180°; at the ordinary tempera¬ 
ture, when mixed with the large excess of hydrogen which comes off with 
it, its time of half (chemical) decay is about 5 minutes. 

The methods used for iiivestigating the chemical properties of polonium 
are either electrochemical, or they consist in finding whether itvS com¬ 
pounds (identifiable only through their radioactivity) crystaUize or dissolve 
with those of other elements. 

The electrochemical behaviour of polonium is complicated. It was 
shown by Paneththat like tellurium it is a true ‘Zwitterelementin 
that it can be electrolytically deposited on, or dissolved off, both the 
anode and the cathode. It certainly occurs in three different states. In 

A. G. Samartzova, CM, Acad. Sci. U.R.S.S. ]941, 33, 498. 

831 W. Marckwald, Ber. 1903, 36 , 2662. 

832 F. Paneth, ib. 1918, 51 , 1704; Z. Elektrochem. 1919, 24 , 298; 1920, 26 , 452; 
F. Paneth and A. Johannsen, Ber. 1922, 55 , 2622. 

833 M. GuLllot, C.R. 1930, 190 , 127. 834 jd., ib. 590. 

836 I. Curie and M. Lecoin, ib. 1931, 192 , 1453. 

836 M. Guillot, J. Chim. Phys. 1931, 28 , 14. 837 j^d., ib. 92. 

838 M. HaLssinsky, C.R. 1932, 195 , 131. 

»3» Id., J. Chim. PMjs. 1933, 30 , 27. 

8*8 O. Erbacher and H. K&ding, Z. physikal. Ghem. 1933, 165 , 427. 

8^1 M. Servigne, C.R. 1933, 196 , 264. 

V. G. Chlopin and A. G. Smartseva, C.R. Acad. Sci. U.R.S.S. 1934, 4 , 433. 

8^3 z. Elektrochem. 1926, 31, 672. 
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non-reducing media®®® it is present as the simple cation Po*^, as we should 
expect; this ion has the inert pair, and so should be more stable than with 
tellurium. Then in reducing solutions there is present a cation of lower 
valency, probably 2; if so it is suggested by Joliot®^^ that the ion is the 
‘polonyl’ ion [0—Po]'"'', which seems very probable in view of the 
commonness of these ‘yl’ ions among the heavier B elements. The third 
state of the polonium is as the divalent anion, probably that of polonious 
acid HjPoOa, or perhaps sometimes the simple anion of the polonides, Po . 

With the chemical evidence, there is the difliculty that the polonium 
compounds can never be obtained in quantity, and so they cannot be 
analysed. The assumption that if a polonium salt will come down with 
the same salt of another metal, the polonium must have the same valency 
as the other metal is not always true. There are many cases®*® where 
two compounds precipitate together without being of the same valency 
type: thus ThB(Pb) separates with silver chromate®*® and with alkaline 
sulphates,®*® and lead with alkaline halides.®*^ One characteristic of the 
polonium compounds, which is unusual among radioactive elements 
though it is to be expected here, is that so many of them are not ionized. 

As wo should expect, polonium forms a polonide like a telluride, and 
NagPo forms mixed crystals with NajTe; in the same way it forms 
di-covalent derivatives (like telluro-ethers) such as the dibenzyl compound 
Po(CH 2 -08116)2, which crystallizes with its Te analogue. 

It also forms an interesting non-ionized dithiocarbamate, obtained from 
the sodium salt [Na](S CS-NR 2 ).®®®’®®’ This separates along with the 
dithiocarbamates of heavy metals such as Bi'“, Co'^, or Ni“, and can be 
recrystalhzed with them from chloroform. 

Polonium hydroxide dissolves in acetyl-acetone to give a product soluble 
in benzene, obviously the covalent acetylacetonate. If this is recrystallized 
along with a mixture of the acetylacetonates of thorium and aluminium 
ThA 4 and AlAg, the activity goes with the thorium and not with the 
aluminium,®** so that we may presume that the polonium is quadri- and 
not trivalent. 

Polonium may also form a carbonyl, as the metal is found to be more 
volatile in CO than in nitrogen®*®-®*®; the only carbonyl with an inert gas 
number of electrons would, however, be Po-«-C^O. 

»** F. JoUot, C.R. 1929, 189, 986. 

R. Mumbrauer, Z, physikaL Chem, 1933, 163, 142. 

0. Hahn, Natunoiss, 1926, 14, 1197. 

H. Kading, Z. physikaL Chem. 1932, 162, 174. 

M. Lecoin, J. Chim, Phys, 1931, 28, 411. 



SUBGROUP VIA 

GENERAL 

T his subgroup consists of chromium, molybdenum, tungsten, and 
uranium, to which the ‘uranide’ elements, neptunium, plutonium, 
americium, and curium (which might be assigned to any Group from 111 
to VI) must now be added. Some of their properties are: 



Cr 

Mo 

W 

u 

Abundance in g./ton . 

200 

15 

69 

4 

Radius of atom 

1*25 

1-36 

1-37 

J -49 A 

M. pt. 

1,800^ 

2,622° 

3,380“ 

1,150' 

B. pt. .... 

2,060° 

5,690°'* 

4,830“ 



Since this is the sixth group, the resemblance of the A compounds to 
those of the B (sulphur) subgroup should be confined to the hexavalent 
derivatives, such as the chromates and molybdates, which should resemble 
the sulphates and selenates, as in fact they do. As we descend the series 
from chromium to molybdenum we should expect that (1) the lower 
valencies would become less stable, and (2) in any given valency the 
tendency to ionize would become less. This is the opposite to the behaviour 
in the B subgroup, and also to the simple covalency rules, which require 
that as the cation gets larger its tendency to ionize should increase. The 
general effect of both tendencies (1) and (2) is that as the atomic weight 
rises, these A elements ionize far less, and so become less metallic in 
character, whereas, as we have seen, in the B subgroups they become 
more metallic with rise of atomic weight. 

We should also expect that especially in the oxy-compounds with the 
group valency (as in the acids H2XO4) there would be an increasing 
formation of condensed and ultimately colloidal acids: this hapjiens in 
the B subgroups too, but to a less extent. 

The actual facts bear out these expectations on the whole, especially in 
the series Cr—Mo—^W, where we find, as usual, that molybdenum comes 
much nearer to tungsten than to chromium; but uranium in many respects 
does not fall into the series; in some ways it is more like chromium than 
like molybdenum or tungsten, and in others it is unlike any other member 
of the subgroup. 

The valency of 6 is the highest for all these elements; it is also the 
stablest for molybdenum and tungsten, but for chromium it is the tri¬ 
valency that is the most stable, while with uranium there is a special 
valency of 4 , which is nearly as stable as 6. This behaviour of chromium 

H. A. Jones, I. Langmuir, and G. M. Mackay, Phys. Rev. 1927, ii. 30, 201. van 
Liempt in 1920 estimated it at 3,660’^, 
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Group VI A 

is noticeable: a certain instability in the higher valencies is characteristic 
of the period to which chromium belongs, and is shown by vanadium, 
arsenic, selenium, and bromine. Thus chromium alone of the elements of 
Group VI (except oxygen, which being in the first period cannot do so) 
forms no hexahalide, not even a hexafluoride. 

In the oxy-acids H 2 XO 4 these elements all show a stronger tendency 
than those of VI B to condense: even with chromium this occurs readily, 
not only to the dichromates M 2 Cr 207 , but also to the tri- and even to the 
tetrachromates M 2 Cr 40 i 8 . The molybdates and tungstates go much 
further, forming the highly condensed polyacids and hetero-poly-acids: 
in the latter we have one residue of another acid, su«h as boric or phos¬ 
phoric, associated usually with 6 , 9, or 12 units of a second acid, and this 
second acid is always molybdic or tungstic. With uranium the tendency 
is much smaller, but even the uranates are most frequently of the type 
M 2 U 2 O 7 , corresponding to the dichromates, or the pyrosulphates. 

The acidity of the H 2 XO 4 acids falls off rapidly in the order 

Cr>Mo>W>U: 

H 2 UO 4 , or U 02 ( 0 H) 2 , is amphoteric, but is a very weak acid and quite a 
strong base, giving the stable uranyl salts [U 02 ]X 2 . 

The increasing instability of the lower states of valency with rise of 
atomic weight is shown by the table below, in which single brackets 
indicate that the state rarely occurs, and double brackets that it is 
doubtful whether it occurs at all, while the more stable forms are under¬ 
lined. 


Cr 

VI 

(V) 

((IV)) 

ffl 

II 

Mo 

M 

V 

IV 

III 

(II) 

W 

VI 

V 

IV 

(III) 

(II) 

U 

3 

V 

IV 

III 

(II) 


The second tendency, the decrease in ionization in any particular 
valency with increase of atomic weight, is equally clearly shown; chromium 
is fully ionized in the tri- and divalent states: molybdenum and tungsten 
never form simple cations at all, and uranium does so only in the tetra- 
valent state which is quite peculiar. 

Of the lower hydroxides, U(OH )4 is only basic: Cr(OH )3 is amphoteric 
but mainly basic; and it is particularly to be noticed, as being opposed 
to expectation ( 2 ) above (i.e. that ionization diminishes as atomic number 
increases), that while CrOgCla is obviously covalent (b. pt. IIG*?"^) UO 2 CI 2 
is as obviously a salt. 

Chromium is remarkable for its enormous power in the trivalent state 
of forming complexes, which are practically all 6 -fold, and the majority 
(as with cobalt and platinum) linked through nitrogen; in this it is 
equalled by a few elements, such as cobalt and platinum, but exceeded 
by none. Molybdenum and tungsten also form complexes, but nearly all 
of these are derived from their hexavalent derivatives. 

6114.2 r. 
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Group VI. Chromium 

CHROMIUM 

Some of the peculiarities of this element remain to be noticed. There is 
a remarkable absence of compounds with a higher covalency than 4: they 
seem to be confined to the complex derivatives of trivalent chromium, 
which have a covalency of 6, and a few compounds in which the chromium 
is joined to carbon, the carbonyl Cr(CO)6, and perhaps some of the very 
peculiar chromium phenyl compounds. This absence of the higher valen¬ 
cies is common in the first long period. 

Again hexavalent chromium like selenium has the power of oxidizing 
organic compounds to aldehydes, and no further, as in the fitard reaction. 

In general the v^flencies exhibited by chromium are: VI, which is very 
stable; V, fairly certain, but unstable and rare; IV, probably non-existent 
unless in the chromium phenyl compounds which seem to break all valency 
rules; III, the most stable of aU; II, quite definite but very unstable; 
(I, very improbable) 0 in the carbonyl compound Cr(CO)6, since aU the 
linking electrons here are provided by the CO groups. 

Chromium was discovered by Vauquelin in 1797.^^® Its chief ore is 
chrome iron-stone, FeO, It sometimes replaces aluminium in 

minerals, as in the spinels M"[M"'02]2* Peruvian emerald is beryl coloured 
by chromium, which replaces aluminium. 

Metallic Chromium 

This can be obtained as an alloy with iron by reducing chrome iron¬ 
stone with carbon. To get the pure metal it must be reduced by Gold¬ 
schmidt’s thermite process with aluminium 

OrgOg + 2 A1 = AlgOg + 2 Cr + 109 k.cals. 

An alternative method much used nowadays is the electrolytic. Chromium 
is dimorphic. A hexagonal form can be made by electrolysis of chromic 
acid solutions; the Cr—Cr distance is 2-72 A (theory 2*50); at 800"" it 
reverts to the cubic form.^^^-^ jg a hard metaP^^ of a brilhant white 
colour with a tinge of blue: m. pt. 1,800"’, b. pt. ca. 2,660®. It is chemically 
very resistant; it is stable in air in the cold; on heating it combines with 
the halogens, sulphur, carbon, nitrogen, silicon, boron, and various metals. 
It is soluble in dilute hydrochloric or sulphuric acid, but in nitric acid 
shows passivity in a more remarkable degree than any other metal. 

In the active state the potential of Cr in contact with a solution of Cr" 
is ~0*56 volt, so that it comes between zinc and iron, and wlQ precipitate 
many metals, such as copper, zinc, and nickel from solutions of their salts. 
In the extreme passive state its potential is + V2 volts. Also while active 
chromium dissolves as the chromous ion Cr'^'‘‘, passive does so as the 

Ann, Chim. 1798, [i] 25, 21, 194; 1809, [i] 70, 70. 

A. J. Bradley and E. F. Ollard, Nature, 1926, 117, 122. 

L. Wright, H. Hurst, and J. Riley, Trans, Far, Soc. 1936, 31, 1263. 

If chromium powder is degassed at 1,300° it becomes ductile when heated: 
W. Kroll, Z. anorg. Chem, 1936, 226, 23. 
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chromate ion CrO^ A result of this passivity is the curious periodic 
fluctuations of the rate of evolution of hydrogen from chromium dissolving 
in acids^®^; the period, which is of the order of 5 minutes, depends on the 
acid and on the catalysts present. The most probable explanation of the 
passivity is the formation of a superficial layer of oxygen. 

Metallic chromium is used (1) for making chromium steels, which are 
very hard, and are used especially for ball bearings; the amount of carbon 
in them must be very small, and so the chromium is usually made by the 
thermite process. (2) Of recent years chromium has been much used as 
a protective layer on metal fittings. The difficulty that the hydrogen 
evolved at the high voltage required gets between the chromium layer and 
the metal on which it is being deposited and maj^es the chromium tend 
to split off*, has been largely overcome by using for the electrolysis a 
solution of a chromic salt containing also a chromate, which is reduced by 
the hydrogen and so absorbs it.®®® 

Ghromium and Hydrogen 

Chromium prepared electrolytically can contain a considerable amount 
of hydrogen, apparently as a supersaturated solution; at 60® most of it is 
suddenly and irreversibly given off. The hydrogen does not change the 
form of the metallic lattice, but it enlarges it (Hiittig, 1925). Claims®®® 
that a definite hydride can be obtained have not been confirmed. 

Ghromium and Garhon 

Chromium Carbide 

Various carbides of chromium of different composition have been pre¬ 
pared®®’'; the most definite appears to be CrgCg.®^® In this each carbon 
atom has 6 chromium atoms 2-02 to 2*07 A away (theory for Cr—C 2*02) 
at the points of a trigonal prism. The carbon is 1-665 A from its neigh¬ 
bouring carbon atoms on each side (theory for C—C 1*54), so that the 
carbons form a continuous slightly stretched chain. Cr 7 C 3 and Cr 4 C have 
also been made; for the stabihties and heats of formation of the carbides 
see reference ®®®. 

Ghromium Phenyl Gompounds 

Hein and his collaborators have described®®® a remarkable series of 
compounds with 3, 4, and 5 phenyl groups attached to the chromium. 

wBi Ostwald, Z. physikal. Chem, 1900, 35, 33, 204; E. Brauer, ib. 1901, 38, 441. 
See, for example, I. Stscherbakov and O. Essin, Z. Elektrochem, 1927, 33, 246; 
E. Liebreich, ib. 1928, 34, 41. 

956 fp Weichselfelder and B. Tliiede, Ann, 1926, 447, 64. 

O. Rnff and T. Foehr, Z. anorg. Chem, 1918, 104, 27, 

A. F. Wells, SJ,C. 466. 

K. K. Kelley, F. S. Boericke, G. E. Moore, E. H. Huffman, and W. M. Bangert, 
U.S, Bur, Mines Techn, Paper, 662, 1944. 

(i) F. Hein, Ber, 1919, 52, 195; (ii) Id., ib. 1921, 54, 1906; (iii) ib. 2708; 
(iv) ib. 2727; (v) F. Hein and O. Schwartzkopff, ib. 1924, 57, 8; (vi) F. Hein and 
E. W. Eissner, ib. 1926, 59, 362; (vii) F. Hein, J. Beschke, and F. Pintus, ib. 1927,60, 
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They find that certain chromium halides react with phenyl magnesium 
bromide to give hahdes of the bases OgCrOH, 04 Cr 0 H, and OsCrOH—i.e. 
with tetra-, penta-, and hexavalent chromium; these hydroxides and a 
variety of their salts are described. 

The evidence for many of their conclusions is not strong. In particular 
it is curious that the hydroxides and many of their salts have the same 
colour, that of a dichromate, in spite of the apparent changes of valency. 

This difficulty is emphasized by the only independent examination of 
these compounds that has been published, that of Klemm and Neuber**^^^; 
they measured the paramagnetism of ten compounds which according to 
Hein have 5, 4, and 3 phenyl groups on the chromium, whose existence 
and composition they confirmed; these are all found to have within 5 per 
cent, a moment of 1-73 Bohr magnetons, and so presumably contain 
pentavalent chromium. The structures which Klemm and Neuber suggest 
on this basis are not very satisfactory, but the facts are at present too 
uncertain for a detailed discussion. 

Hein^®^ has acknowledged Klemm and Neuber’s paper, but has so far 
thrown no further fight on the subject. 

Chromium and Nitrogen 

Above 800° chromium absorbs nitrogen up to about 14 per cent. (CrgN); 
the curves^®^’^ are very like those of palladium and hydrogen, and indicate 
the separation of a solid phase CrN, which is a violet-black powder with 
no metallic glance. 

Another nitride CrgN has been described,®^^ as a green amorphous 
powder very resistant to acids. See also reference 

Chromium and Phosphorus 

A phase rule and X-ray examination of the system chromium-f phos¬ 
phorus from the chromium end up to CrP indicates®®’ that only two 
compounds are formed, CtsP, isomorphous with FegP, and CrP, which is 
isomorphous with MnP, and has very nearly a nickel arsenide lattice. 

679; (viii) Id., ib. 749; (ix) F. Hein and F. Pintus, ib. 2388; (x) F. Hein, O. Schwartz- 
kopff, K. Hoyer, K. Klar, E. W. Eissner, and W. Clause, ib. 1928, 61, 730; (xi) F. 
Hein and E. Markert, ib. 2265; (xii) F. Hein, O. Schwartzkopff, K. Hoyer, K. Klar, 
E. W. Eissner, W. Clausa, and W. Just, ib. 1929, 62, 1161; (xiii) F. Hein, J. prakt. 
Cheni. 1931, [ii] 132, 59; (xiv) F. Hein and W. Retter, Z. physikaL Chem, 1931, 
156, 81. 

W. Klemm and A. Neuber, Z. anorg, Chem. 1936, 227, 261. 

F. Hein, ib. 272. 

‘'83 G. Valensi, J. Chim. Phys. 1929, 26, 152, 202. 

^8^ G. Tanunann, Z. anorg. Chem, 1930, 188, 396. 

H. ter Meulen, Pec. Trav. 1938, 57, 691. 

888 L. Duparc, P. Wenger, and W. Schussele, Helv. Chim. Acta, 1930, 13, 917. 

•8’ H. Nowotny and E. Henglein, Z. anorg. Chem. 1938, 239, 14. 



1003 

HEXAVALENT CHROMIUM 

This is the most stable valency of chromium next to that of 3, and occurs 
in the chromic and poly chromic acids, in the trioxide, and in some (not 
binary) halogen derivatives. 

The chromates are important commercially foi’ various purposes; they 
are made by oxidizing chrome iron-stone with air in the presence of alkali, 
some lime being added to keep the mass porous. 

Chromium Trioxide 

A strong solution of potassium dichromate (or the much more soluble 
sodium salt) is treated with excess of strong sulphuric acid, and the 
trioxide, which is only slightly soluble in the concentrated acid, crystallizes 
out; it is then washed free from sulphuric acid by means of nitric acid, 
which must not contain any oxides of nitrogen, as they would reduce the 
CrOg; the HNO 3 can then be removed by warming. If necessary, the 
CrOg can be recrystalhzed from a small quantity of water. 

Chromium trioxide forms bright red needles, which melt at 197 ', and 
a little ab(we that temperature begin to emit red vapours. At higher 
temperatures the trioxide loses oxygen (even the aqueous solution is said^®® 
to evolve oxygen on boiling), and is converted into various mixtures or 
compounds of Cr 03 and CrgOg.* thus at the product has the composi¬ 
tion 2 CrOg, CrgOg; it is difficult by heat alone to reduce the oxygen content 
down to that of Ci’gOg. 

Chromium trioxide is excessively soluble in water; at the (‘record’) 
ciyohydric point of —155° the solution contains 60*5 per cent. 
CrOg.^®® 

Chromium trioxide is a violent oxidizing agent, especially for organic 
substances, being reduced to the green CrgOg; but it can be boiled with 
acetic acid without change. It reacts with sulphur trioxide to give chromic 
oxide CrgOg and oxygen; for the kinetics of this, see reference 

Chromyl Fluoride^ CrOgFg 

This is formed in small yield when a mixture of calcium fluoride and 
lead chromate is treated with sulphuric, or better with fluorosulphonic 
acid. Efforts to purify it^"^^ failed until lately, when v. Wartenberg^’^ 
showed that it is a brown gas condensing to a brown solid (v.p. 24 mm. 
at 0 °), which slowly changes to a white solid not volatile below 200 °, and 
apparently a polymer. The absorption spectrum of the gas is remarkably 
like that of chromyl chloride CrOgClg.^’^ 

N. D. Birjukov, J. Gen, Chem, Russ, 1940, 10, 942. . 

E. H. Buchner and A. Prins, Z, physikal. Chem. 1913, 81, 113. 

H. C. S. Snethlage, Rec. Trav. 1936, 55, 712. 

O. Ruff and H. J. Braun, Ber. 1914, 47, 668. 

*^2 H. V. Wartenberg, Z. anorg, Chem. 1941, 247, 135. 

K. H. Hellwege, Z. Phys. 1941, 117, 596. 
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Group VI. Hexavcdent Chromium 

Ghromyl Chloride^ CrOgClg 

This can be made by the action of gaseous hydrogen chloride on dry 
CrOg, or better by acting with concentrated H 2 SO 4 on a mixture of di¬ 
chromate and chloride. 

Chromyl chloride is deep-red as solid, liquid, and vapour. It melts at 
— 96’5°, and boils at 116*7°; the molecular weight in the vapour is normal; 
in solution®"^^ it is normal in POCI3 and slightly associated in acetic acid. 

It is fairly stable in the dark, but in the light, or if heated, it decomposes, 
giving various complicated products. It is miscible with CCI4, CSg, and 
chloroform. It oxidizes organic compounds, often violently, but if it is 
diluted with CSg or chloroform it does so quietly, and in such solutions it 
forms with homologues of benzene a ddition-compounds of unknown struc¬ 
ture wliich, when treated with water, break up into chromic salts and the 
aldehyde or ketone (fitard reaction); for example, benzaldehyde is formed 
from toluene; compare the action of SeOg in producing aldehydes. 

All attempts to make chromyl bromide or iodide have failed, obviously 
because the oxidizing power of the Cr^* is too great. Chromyl chloride can 
therefore be used as a test for chlorine: if the halogen compound (which 
must be free from fluorine) is heated with dichromate and strong sulphuric 
acid, and the vapour collected in alkali, then, if any chlorine is present, 
chromium will be found to have come over. 

Chromic Acid 

Chromic acid cannot be isolated, but is readily obtained in solution. 
This solution certainly contains the ions Cr 04 , HCrOi, and CrgO^, but 
we have no means of determining their amounts. Even the change of 
colour which obviously accompanies the change of the first kind of ion 
into the other two, is of little use. The absorption curves of the chromate 
and dichromate are very nearly the same, except that the absorption of 
the dichromate is rather more intense.®’^® Endredy®"^® finds that conduc¬ 
tivity, molecular volume, and absorption aU support the view that in an 
aqueous solution of the trioxide 01 a dichromate there is an equihbrium 
between ions with a mobility of 62-3/20°, and HCrO^ ions, mobiHty 
49*5/20°; Vigdorov and Taratzujan®'^’^ confirm this. 

Chromates 


All the metallic chromates except those of the alkalies and the lighter 
alkaline earths are insoluble in water. These are some solubilities of normal 
chromates (g./lOO g* water): 



E. Moles and L. Gomez, Z. physikal. Chem, 1912, 80, 613; 1916, 90, 694. 
E. Viterbi and G. Krauss, Gaz, 1927, 67, 690. 

E. Endredy, Ung. Ahad. Wisa. 1936, 54, 469. 

S. Vigdorov and S. Taratzujan, *7. AppL Chem. Ritas. 1938, 11, 719. 
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Na 2 Cr 04 , K 2 Cr 04 , Cs 2 Cr 04 are all exactly isomorphous with K 2 SO 4 and 
082804 .^'^® The sodium and potassium chromates and sulphates form a 
limited range of solid solutions.®^® The hexa- and deca-hydrates of 
Na 2 Cr 04 form mixed crystals with the corresponding sulphates.®®® 

Sodium chromate forms at least three hydrates: 

20'" 26® 63® 

10 H 2 O 6 HgO 4 HgO Anhydr. 

Lead chromate is trimorphic.®®^ 

Dichromates and Polychromales 

Salts are known containing not only two but three and even four CrO^ 
groups to two equivalents of metal, but only the dichromates M 2 Cr 207 
are of any great importance. 

The absorption in the visible of solid potassium dichromate at 20 ® K. 
has been foimd®®® to give 20 sharp Unes and 30 difiFuse. 

The solubilities of the sodium and potassium dichromates differ greatly: 
they are at 20 °, Na 180, K 12*7. Na 2 Cr 207 gives only a dihydrate, and the 
cryohydrio point is —48°.®®® Potassium dichromate is 20 times as soluble 
in water at 100° as at 0 °. The dichromates of other elements are mostly 
(unlike the chromates) very soluble in water, for example, those of Mg, Ca, 
Sr, and Ba: the silver salt Ag 2 Cr 2 C ^7 least soluble. In a solution 

of a chromate or a dichromate there is equilibrium between the CrO^ and 
Cr 207 ions, and so if BaClg is added to a neutral dichromate solution, 
BaGr 04 crystallizes out. 

The chromates and dichromates are much used technically, as oxidizing 
agents in organic chemistry, in tanning, and in hardening gelatine for 
photographic reproduction. 


Halochromates 

Fluorochromic acid HCrOgF is not known in the free state, but its salts 
can be prepared by boiling a dichromate solution with excess of HF. If 
this boiling is really necessary, there must be a true chemical change taking 
place, confirming that the fluorochromate is a true complex and not 
merely a double salt. 

The crystal structures of KCrOgF and CsCrOgF are®®^ of the scheelite 
(CaW 04 ) t 3 rpe, with tetrahedral anions. The salts (like the chlorochromates) 
are very readily hydrolysed by water, and accordingly they attack glass. 

J. J. MiUar, Z. Krist. 1936, 94, 131; 1938, 99, 32. 

S. Z. Makarov and I. G. Dnishinin, Bull, Akad. Sci. U,R.S.S. 1937, 1921. 

W. E. Cadbury, W. B. Meldrum, and W. W. Lucasse, J,A,C,S, 1941, 63, 2262. 

H. Wagner, R. Haug, and M. Zipfel, Z. anorg, Ghem, 1932, 208, 249. 

J. Teltow, Z. phyeikal, Chem, 1939, B 43, 375. 

®®» W. H. Hartford, J,A,G.S, 1941, 63, 1473. 

®®^ J. A. A. Ketelaar and F. E. Wegerif, Rec, Trav, 1938, 57, 1269; 1939, 58, 948. 
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ChlorochrorncUes 
Here again, the free acid is unknown (like H 2 Cr 04 itself). The chloro- 
chromates, and perhaps the bromo- and iodochromates, are obtained by 
boiling a dichromate solution with the halogen acid. Potassium chloro- 
chromate KCrOgCl is an orange salt, looking extraordinarily like azo¬ 
benzene (KCrOgF is ruby-red). The bromo-compound KCrOgBr is said to 
be dark brown and the iodo-compound KCrOgI gamet-red: it is difficult, 
however, to believe that the Cr"^* could coexist with the iodide group. 

The chlorochromates are hydrolysed by water, but they can be recrystal¬ 
lized from dilute hydrochloric acid. 


Perchromic Compounds 

Many oxidized compounds react with hydrogen peroxide to replace 
oxygen atoms by Og groups. Among these the chromate derivatives are 
remarkable, especially for their brilliant colours. They are now realized 
to be of two kinds, binary peroxides, and perchromic acids or salts. The 
more important types are four, the first and last being peroxides, and the 
other two salts. 

1 . Acidic solutions of chromates on treatment with hydrogen peroxide 
give blue CrOg (formerly thought to be HCrOg), which is soluble in, and 
stabilized by, ether. The blue solid formed when chromium trioxide is 
treated with a solution of hydrogen peroxide in methyl ether at —80° 
(supposed^®® to be the acid H 2 Cr 05 , 2 HgO) is really®®® (CH 3 ) 20 , CrOg; it 
explodes at —30°. CrOg also combines with pyridine and other organic 
bases to give co-ordination compounds, such as py, CrOs, which is insoluble 
in water but soluble in organic solvents, and is monomeric in benzene, 
nitrobenzene, and bromoform.®®’'^”® With alkalies it forms no salt at all, 
but is at once decomposed. By its reactions with dilute acids, with silver 
nitrate, and with permanganate, Schwarz and Giese®®"^ showed from the 
amount of 'available oxygen’ that the parent compound must be CrOg 
and not HCrOg. The number of Og groups present in these compounds is 
found from their power of reducing permanganate with evolution of 
oxygen, which is quantitative in presence of a trace of molybdate®®‘^“®; 
there are two Og groups in CrOg. The pyridine complex has a paramagnetic 
moment,®®® but so small (160-330 X 10”® c.g.s. units: theory for one unpaired 
electron 1300) that we may assume that it is due to chromic impurities, 
and that the pure compound is diamagnetic, with hexavalent chromium, 
the formulae being such as 


O^Crf or 


> 0 , 0 ^ 


E. H. Riesenfeld and W. Mau, Ber. 1914, 47, 548. 

»«• R. Schwarz and G. Elstner, ib. 1936, 69, 575. 

R. Schwarz and H. Giese, ib. 1932, 65, 871. 

Id., ib. 1933, 66, 310. 

W. Klemna and H. Werth, Z, anofg, Chem. 1933, 216, 127. 
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/O 

The peroxide CrOg group is often written CrC^^, but this is improbable 


on account of the strain: it should be formulated as CrT>0—>-0 or 
Cr-=0^0. 

2. MCrOe* If the ethereal solution of CrOs is treated with alkaline 
hydrogen peroxide in alcohol, or if 30 per cent, hydrogen peroxide and 
a potassium salt are added to ice-cold ammonium dichromate, blue salts 
of the composition KCrOe, HgO are obtained; the extra oxygen cannot be 
present as H 2 O 2 of crystallization, since an anhydrous thallous salt TlCrOe 
can be made, which has a similar behaviour.®®® The compound has 2*5 O 2 
groups per Cr, and is diamagnetic®®®; hence the chromium must be 
hexavalent and the molecule dimeric, as in 




Q2 Q2 

t t 

O—Cr—0—0—Or—O 

i. i 


3. MgCrOg, which is red, is formed by the action on a chromate of a 
more strongly alkaline H 2 O 2 solution than is needed to make the previous 
salt M 2 Cr 2 ()io.^®®’^®^''^ The blue salts are more easily formed and decom¬ 
posed than the red. This red salt has 3*5 Og groups per Cr, which need 
not mean that it is dimeric: it could have the structure 


Ks 


02\ V 

L02/ 


\ 


0 ,' 

O 2 . 


with pentavalent chromium. The conductivities and freezing-points of 
aqueous solutions of the ammonium salt support the monomeric formula.®®® 

One would think that the pentavalent state, which is rare and so 
presumably unstable with chromium, could not possibly exist in con¬ 
junction with so powerful an oxidizing group as —0—0—. There are, 
however, two arguments in its favour, the paramagnetism and the crystal 
structure. The red salt KgCrOg (the monomeric formulae are used for 
simplicity) has been shown®®®*®®^ to have the paramagnetic moment 
required for pentavalent chromium; the peroxide groups will not affect 
the moment, since [Zn(NH 3 ) 6 ]Mo 08 is diamagnetic, as is required for 
hexavalent molybdenum. 

Again, the red MgCrOg salts are isoniorphous with the pervanadates,®®® 
and they have the same crystal lattice as the pemiobates and pertantalates 


090 jj Riesenfeld, H. E. Wohlers, W. A. Kutsch, and H. Ohl, Ber. 1906, 38, 
1886, 3578; Riesenfeld, ib. 4068; 1908, 41, 2826, 3536, 3941. 

E. H. Riesenfeld, Z. anorg, Chem. 1912, 74, 48. 

E. Spitalsky, Ber, 1910, 43, 3187. 

E. H. Riesenfeld, ib. 1908, 41, 3941. 

B. T. Tjabbes, Z, anarg, Chem, 1933, 210, 385. 
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(MgAOs)®®® (with O—O 1-34, theory 1-32). These Group V peracids have 
only one pentavalent atom in the molecule, and so we should infer that 
the same must be true of the perchromates. 

The peroxide CrOs is known to be monomeric in its pyridine compound, 
which can be written 

^0 

py~>Cr;^0->0 

\o-^o 


or in other ways, with the chromium hexavalent. 

4. A fourth type of compound is formed when the mixture used for 
preparing (NH4)3Cr08 (3) is heated and then cooled; brown Cr04, 3NH3 
separates out. This gives a brown solution in water which liberates 
hydrogen peroxide with acids, and with potassium cyanide gives a brown 
compound 004, 3 KCN.®®® These complexes can be formulated with 
hexavalent chromium as 


O 

NHaV f 

NH3-|Cr->O->0 and K3 
NH3/^ 


o 

N(\ f 

NC^->0->0 
NC/ I 
O 


Bhatnagar, however, finds®*® that the former complex has the para¬ 
magnetic moment of two unpaired electrons, and so concludes that the 
chromium is tetravalent, as in 


NH3X ^0-^0 


PENTAVALENT CHROMIUM 

As we have seen, pentavalent chromium compounds occur probably 
among the chromium phenyl compounds of Hein (p. 1001), and possibly 
among the perchromates just described. Apart from these they have only 
been isolated in one or two types of compounds. 

The fluorido CrFs has been obtained®®’ as a red fairly volatile solid, 
which is instantly hydrolysed by water to compounds of hexavalent and 
trivalent chromium. 

A small number of pentavalent chromium complexes have been pre¬ 
pared by Weinland.®®®’® Chromium trioxide is reduced by very concen¬ 
trated hydrochloric acid at 0°, and complexes derived from Cr^OClg are 
formed. TTiey are of the types M2[CrOCl5], where M = K, Rb, Cs, NH4: 
the Cs salt forms mixed crystals with the niobium salt Cs2[NbOCl5]. 
They are gamet-red in colour. Another series M[CrOCl4] (M = pyridine, 

I. A. Wilson, Arkiv. Kemiy Min, Oeol, 1942, 15 B, no. 5. 

®®* S. S. Bhatnagar, B. Prakaah, and A. Hamid, J,C,S, 1938, 1428. 

®®’ H. V. Wartenberg, Z, anorg, Chem, 1941, 247, 135. 

988 Wemland and W. Fridrich, Ber, 1905, 38, 3784. 

®®* R. F. Weinland and M. Fiederer, ib. 1906, 39, 4042; 1907, 40, 2090. 
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quinoline, H), which are orange-yellow, were obtained in a similar way 
by Meyer and Best in acetic acid.^®®® 

Recently Wagner has shown^®®^ that the kinetics of the oxidation of 
ferrous salts by chromic acid support the view of Luther^®®^ that there is 
an intermediate pentavalent state of chromium. He also finds that chromic 
acid liberates no iodine from potassium iodide in presence of sodium 
bicarbonate, but does so if the chromic acid is engaged in oxidizing oxalic 
acid in presence of potassium iodide. There must therefore be some 
intermediate product in this oxidation which can oxidize hydriodic acid. 
Tests for hydrogen peroxide and percarbonates gave negative results. 

TETRAVALENT CHROMIUM 

This is a very unusual valency for chromium, v. Wartenberg has pre¬ 
pared the tetrafluoride CrF4, which is a brown amorphous solid of v.p. 
3 mm./220°, giving a blue vapour with a characteristic spectrum; it is at 
once hydrolysed by water to Cr^* and Cr^^^®®®^ He has also shown^®®® 
that a gaseous tetrachloride CrCl4 is formed when the trichloride and 
chlorine react at 600-700°, and can be condensed out by rapid cooling 
with solid CO2; it begins to decompose to CrClg at —80°. 

Manchot has shown^®®® that if dry chromic hydroxide Cr(OH)8 is heated 
in oxygen to 300-400°, oxygen is absorbed and a black powder is left, 
which, on the not quite certain assumption that the residue on ignition 
has the composition CrgOj, analyses nearly for CrOg. It is, however, quite 
possible that this is a basic chromate such as CrOs, OrgOs. There is also 
the possibility that tetravalent chromium may occur among the chromium 
phenyl compounds. 

TRIVALENT CHROMIUM 

This is the stablest form of the element. It exists as the trivalent cation, 
which is characterized by its strong tendency to form 6-covalent com¬ 
plexes by co-ordination; the simple ion in water is undoubtedly co¬ 
ordinated with the solvent as [Cr{OH2)6]‘^^'^, which is violet in colour, as 
are the normal salts of the type [Cr(OH2)6]X8, where the anion may be F, 
Cl, Br, I, CIO3, BrOg, SO4, SgOg, NO3, PO4, etc.; but there are other salts, 
and some with the anions mentioned above, which occur in an isomeric 
green form, in which the acid radical is not wholly ionized.^®®^ 

Apart from this tendency to co-ordination, which is as marked as in 
any other known element and extends to all kinds of addenda, but is 

R. J. Meyer and H. Best, Z. anorg, Chem. 1899, 22, 192. 

1001 Q Wagner and W. Preiss, ib. 1928, 168, 266; C. Wagner, ib. 279. 

R. Luther and N. Schiloff, Z. phyaikal. Chem, 1903, 46, 777; R. Luther and 
T. F. Rutter, Z. amyrg. Chem, 1907, 54, 1. 

1003 jj y Wartenberg, Z, anorg, Chem, 1941, 247, 136. 

100* Id., ib. 1942, 249, 100. loos ib. 250, 122. 

1006 Manchot and R. £[raus, Ber. 1906, 39, 3612. 

1007 Pqj. ^ complete list to that date, see P. Pfeiffer, Z, anorg. Chem, 1908,58,317. 
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especially strong with nitrogen compounds, particularly amines, the 
chromic salts show a strong resemblance to those of aluminium, and also 
to the trivalent states of vanadium and titanium, and above all to trivalent 
cobalt, though this has three more electrons. They form alums, and are 
considerably hydrolysed in solution. Chromium sesquioxide CrgOg is 
isomorphous with corundum AI2O3, and can replace AI2O3 in the spinels: 
this is largely because the Or'" ion (radius 0*65) is little smaller than the 
Al'" ion (0‘83 A). Like practically all the compounds of chromium the 
trivalent are strongly coloured, Cr203 dark green, CrgSg black, CrCSg red- 
violet. 

The chromic salts are widely used as mordants, like the ferric and 
aluminium salts. 

Chromium Sesquioxide^ Cr 2 C ^3 

This is a green insoluble crystaUine substance, isomorphous with corun¬ 
dum, which can be made by reducing chromates (for example with SOg), 
by heating dichromates with sodium chloride, or by heating ammonium 
dichromate alone. When it is made by heating the hydroxide Cr(OH)3 it 
is observed that as the last traces of water go off, the solid suddenly 
glows; the X-ray diagram shows (Bohm) that this is due to the heat 
evolved (23 k.cals. per CrgOg) when the lattice of the sesquioxide is formed 
from the amorphous material. 

CrgOg is much used as a pigment. Various mixed oxides, such as 
2 CrO, CrgOa are known, and can be made by the electrolysis of mixtures 
of chromous and chromic salts (Bunsen). 

Chromic Hydroxide^ Cr(OH )3 

This is made by precipitating a chromic solution with alkah. The green 
precipitate has no definite composition, and is no doubt colloidal: on 
standing it becomes less soluble in acids. Various different forms have 
been described,^®®® but their individuality is very doubtful. 

The hydroxide is amphoteric; it forms salts with acids which are highly 
hydrolysed in water, and also salts with alkalies, the chromites, which are 
hkewise highly hydrolysed. 

The salts wdth acids are described later. The chromites can be got in 
two ways, either by fusion of the oxides, when they are crystalline, or by 
the solution of Cr(OH)3 in aqueous alkali: the solubility of the hydroxide 
in the alkaline solution is then evidence that an alkaline salt is formed, 
but the sohds w^hich sexmrate are usually gelatinous and colloidal. Solid 
phases of definite composition can, however, be got,^®®^ such asNa3[Cr(OH)0] 
and the corresponding Sr and Ba salts, and Na5[Cr(OH)g], 4 HgO. 

If the aqueous solution is concentrated, the salts though no doubt 

G. Jander and W. Scheele, Z, anorg. Ghem. 1932, 206, 241; A. Hantzsch and 
E. Torke, ib. 209, 60. 

See R. Scholder and R. Patsch, ib. 1934, 220, 411; T. Meyer and G. P. 
Hiittig, Z. Elektrochem. 1935, 41, 429. 
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hydrolysed are stable, but on dilution with alkali a colloidal mass separates, 
and on dilution with water the hydroxide Cr(OH)3 is precipitated. 

Chromic SulphidCy 

This can be made by various high temi)erature reactions, but not as a 
rule (see, however, ref. from aqueous solution; thus it is formed by 
the action of hydrogen sulphide on the hydroxide or chloride, or of sulphur 
on the oxide chloride or metal. It is green or black according to the state 
of division ; it is paramagnetic^ ; it burns in the air to the oxide or basic 
sulphate, but is very resistant to acids in the cold, being attacked only 
by nitric acid and aqua regia. 

Chromic Fluoride, CrFg 

The anhydrous compound can be made from the sesquioxide and HF, 
or by passing HCl gas over a mixture of CrgOg and CaPg at a red heat: 
it is a green solid of very high melting-point, which sublimes at about 
1,200°. It is isomorphous with 

Chromic fluoride is remarkable for forming 5 (perhaps 6) violet or green 
hydrates. Werner^®^^ has prepared 4, with 9, 6, 7/2 (in two forms), and 
3 molecules of water to which he assigns formulae as follows. 

(1) 6 aq.: [Cr(OH2)6]F3: this is a violet salt, only slightly soluble in water, 
made by the action of KF on the violet nitrate; its formula is established 
by its giving the corresponding sulphate with H2SO4. On standing in 
moist air or in contact with its solution it takes up more water to form 
(2} CrF3, 9 H2O, probably [Cr(OH2)6](F-0112)3: (it is doubtful whether the 
F~ anion can really be hydrated) this loses its extra 3 H2O very easily. 

(3) CrF3, 3 H2O ^ [Cr(OH2)6](CrF8), a green salt, made by heating the 
hexahydrate (1) for a long time with water; its constitution is shown by 
the fact that it is formed from [Cr(OH2)6]Cl3H-(NH4)3[CrF6]: it is thus 
obtained first as the (4) 7/2 hydrate, really [Cr(0H2)6](CrF6)H20, the last 
HgO being easily removed. The second isomeric hepta-hydrate (CrF3)2, 
7 HgO was made by Poulenc^®by precipitating a solution of CrFg with 
alcohol. This is also green, but quite different from the first isomer. It 
may be written [CrF3(OH2)3]2, HgO. It is easily soluble in water, but the 
solution gives no reaction for fluorine ions; it behaves as an acid, and has 
an acid reaction like the hydrate of platinic chloride. 

Chromic Chloride, CrCl3 

This can be made in the anhydrous state by passing chlorine at a high 
temperature over the metal, or over chromic oxide-|-carbon. It forms 

S. M. Veller, Ukraine Chem. J. 1936, 11, 23. 

1011 E. Wedekind and C. Horst, Ber. 1916, 48, 106. 

Pqj. the heats of formation of the solid trihalides see H. v. Wartenberg, Z. 
anorg, Chem. 1942, 249, 100. 

A. Werner and N. Costachescu, Ber. 1908, 41, 4242. 

C. Poulenc, C.E. 1893, 116, 263. 
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reddish-violet (‘peach blossom’) leaflets, which sublime at a red heat in 
chlorine, and, if heated alone, break up partly into chlorine and chromous 
chloride. If heated in air it gives the sesquioxide Cr203. 

Anhydrous chromic chloride is quite insoluble in cold water, alcohol, 
acetone, or ether. But in presence of a trace of chromous chloride it 
dissolves readily in water, a soluble hydrated salt crystallizing out. This 
peculiar phenomenon occurs not only in water but also in alcohol, acetone, 
and ether.* One part of CrCl2 will make 40,000 parts of CrClg dissolve. 
Other substances of a reducing character, such as SnClg, FeCla, CuCl, and 
H2SO3, produce the same result, though less effectively; the effectiveness 
bears no relation to the electrode potential. 

The hydrated chlorides, like the fluorides, arc of various tyq)es; they 
can have none of the chlorine atoms ionized, or 1, or 2, or all 3. In presence 
of a trace of CrClg the trichloride dissolves readily in water (evolving 
21-3 k.cals. per CrClg), and a dark green hexahydrate with a sweet taste 
crystallizes out: if a Jfresh solution of this hexahydrate is treated with 
silver nitrate, only a third of the chlorine is precipitated, so that it must 
be [(Cr(OH2)4Cl2]Cl, 2 H2O. 

A second pale green hydrate was obtained from this by Bjerrum,^®^* 
from which silver nitrate precipitates two-thirds of the chlorine, indicating 
the formula [O(0H2)6Cl]Cl2, HgO. Bjerrum supported this by showing 
that the two chlorine ions could be replaced by other anions, giving, 
for example, the salt [Cr(OH2)5Cl](PtCl3), 5 HgO. 

If the first-mentioned dark green salt is boiled in water for some time, 
and then cooled to 0° and saturated with hydrogen chloride, a third salt, 
a grey-blue isomer, separates out. All the chlorine in this is precipitated 
by silver nitrate, and so it must be [Cr(OH2)6]Cl3; this is the easiest of the 
isomers to prepare: it is precipitated if the solution of any chromic salt 
is saturated with HCl at zero. Its structure is supported by the X-ray 
examination of the crystals, which shows^®^*^ that the 6 HgO groups are 
arranged octahedrally round the chromium. It has been found^®^^ that 
at 25° fresh solutions of violet chromic chloride have lower, and those of 
green chromic chloride higher, vapour pressures than after standing; 
chromic sulphate behaves in the same wa}^ 

In solution the three ions of these forms attain equilibrium in time, but 
in the cold take months to do so. The blue form is favoured by low 
temperatures, and, as we should expect, by high dilutions. 

Finally, a non-ionized hydrate of CrClg was obtained by Recoura^®^® of 
the formula [Cr(OH2)3Cl3]: this gives a stable brown solution in ether; 

♦ The behaviour of ether is quite peculiar, and is discussed later, p. 1023. 

K. Drucker, Z. physikaL Chern, 1901, 36, 173. 

Ber. 1906, 39, 1697; Z. physikaL Chem. 1907, 59, 681. 

K. R. Andress and C. Carpenter, Z. Krist. 1934, 87, 446. 

A. Recoura, C.R. 1933, 196, 1853. 

N. O. Smith, J.A.C.S. 1947, 69, 91. 



Chromic Salts 1013 

in alcohol it only reacts slowly with silver nitrate, and in presence of water 
it at once forms the dark green hexahydrate [Cr(OH2)4Cl2]CI, 2 H^O. 

Chromic Bromide, CrBrg 

This is very similar to the chloride, and forms similar isomeric hydrates, 
a green [Cr(OH2)4Br2]Br, 2 HgO and a violet [Cr{OH2)6]Br3. 

Chromic Iodide 

A violet hydrate Crlg, 9 H2O is known. It has been shown by Hein^®^*^ 
that anhydrous chromic iodide is almost impossible to make, and that 
chromous iodide Crig has often been mistaken for it. Chromium only 
reacts with iodine as a rule at high temperatures, and then the reaction 
does not go beyond Crl2. By treating pyrophoric chromium (obtained by 
evaporating the mercury from chromium amalgam) with iodine at lower 
temperatures, or by treating Crl2 with iodine at 300°, it is possible to get 
a product containing 90 per cent, of Crlg: this is a loose black powder. 

Chromic Nitrate 

A hydrate Cr(N03)3, 9 HgO is described, as well as lower hydrates. 
The solution is said to be blue by reflected, and red by transmitted light. 

Chromic Sulphates 

Anhydrous chromic sulphate Cr2(S04)3 is of peach-blossom colour, and, 
like the chloride, is insoluble in water excej)t in presence of a chromous salt. 
It forms a series of hydrates, apparently of three types, a violet salt, a 
green crystalline salt, and a green amorphous salt. These three classes 
have been shown^®^^ to be distinct: (1) the violet salts occur with 18, 9, 3, 
and 0 HgO; (2) the green crystalline salt can have G or 0 HgO; (3) the 
green amorphous salt forms no definite hydrates, and its water content is 
zeolitic. The structures are obscure: a fresh solution of (3) gives no precipi¬ 
tate with barium chloride for some time: (1) the violet salt precipitates all 
the SO4 at once: (2) the first green salt is said only to give the precipitate 
slowly, but in fact the reaction goes fairly easily. 

Chromic Chlorate and Perchlorate 

The chlorate Cr(C103)3 has been made but is very unstable. 

The perchlorate Cr(C104)3, 6 HgO forms blue-green crystals, excessively 
soluble in water; 9- and 10-hydrates have also been prepared.^®^^ 

The iodate (>(103)3 is also known. 

Salts of Organic Acids 

Various complex forms of these are mentioned later. 

A XioxmQil formate O(HC00)3, ^ grey-green, is known, and a similar 

1020 p Hein and I. Wintner-Holder, Z, anorg, Chem. 1931, 202, 81. 

F. Krauss, H. Querengosser, and P. Weyer, ib. 1929, 179, 413. 

'*^22 V. Biber and I. Neiman, J. Qen, Chem. Buss. 1940, 10, 723. 
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acetate. The formate group is much less easily oxidized in this green 
compound than in an ordinary formate (Reihlen).^®®® 

The usual form of the oxalate is hydrated, amorphous, very soluble, and 
blue; but a red crystalline form can be got. This also is excessively soluble 
in water and alcohol (a sign that it is complex), and from its aqueous 
solution sodium carbonate precipitates no Cr'" and silver nitrate no oxalate. 

CHROMIC COMPLEXES 

The trivalent chromium ion has an enormous power of forming 6-covalent 
complexes; in this it is at least equal to either of the other two great 
complex-forming ions, trivalent cobalt and tetravalent platinum. The 
resemblance to cobalt is remarkably close: it extends not only to the 
co-ordination number of 6 and the valency of 3, but also in many com¬ 
pounds to the colour as well; this is peculiarly remarkable, because the 
atomic numbers of these two elements dilfer not by two but by three, 
which would certainly not lead us to expect a similarity. 

While the most numerous and perhaps the most stable of these com¬ 
plexes are those in which the chromium is attached to nitrogen, there are 
a whole series of others, especially with oxygen links, such as the aquo- 
compounds, and various kinds of ato-derivatives, particularly the sulphato, 
carbonate, and oxalato compounds 

These complexes almost always have a co-ordination number of 0, but 
lower values sometimes occur among the ammines; higher are impossible 
by the covalency rule. 

The compounds are all remarkable for their various and striking colours; 
investigations of the absorption spectra have shown certain relations 
between the groups present and the positions of the bands^®^®; the changes 
caused by the replacement of a neutral molecule by an ion, or an NH3 by 
an HgO, are fairly regular. 

Chromicyanides 

Chromium, like iron and cobalt, forms hexacyanide anions in both the 
divalent and the trivalent state. The chromicyanides M3[Cr(CN)e] are 
much less stable than their ferric analogues.^®^^ The salts are yellow both 
as solids and in solution, with an absorption spectrum quite different from 
that of the other chromic complexes; the free acid is quite different again, 
being blood-red. 

This free acid H3Cr(CN)e is only known in solution, and even there is 
very unstable. If a suspension of lead or silver chromicyanide is treated 
with hydrogen sulphide a blood-red solution is formed, which at once 
begins to precipitate chromic cyanide Cr(CN)3 and to evolve prussic acid, 
and will not re-form chromicyanides with bases.^®^®-® 

102 s j Colmar and F. W. Schwartz, J.A,C.S. 1932, 54, 3204; C. H. Johnson 
and A. Mead, Nature, 1933, 131, 399; G. Joos and K. Schnetzler, J. phyaikaL Cheni. 
1933, B 20, 1; A. Mead, Trans. Far. Soc. 1934, 30, 1052. 

H. Grossmann, Z. auorg. Chem. 1903, 37, 439. 

10*5 Kaiser, Ann. 1864, spl. 3, 163. Rohlske, Diss. Berlin, 1896. 
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Potassium chromicyanide K3Cr(CN)e can be made by treating a solution 
of chromic hydroxide in acetic acid with potassium cyanide,or from 
the cyanide and chromous acetate in presence of air.^^^a conductivities 

of the solution show it to be the salt of a tribasic acid.^®^® The solution 
is rapidly decomposed by acids, which at once turn it red, but excess of 
alkali acts on it only after prolonged boiling. It is not poisonous. Other 
salts of chromicyanic acids^^^e M3[Cr(CN)8], x H2O; NH4, 

0; Li, 5; Na, 5 or 8; K, 0; also of the type M3[Cr(CN)fl]2 are Ba3[0(CN)3]2, 
20 HgO, soluble in water and stable; and the zinc salt Zn3[Cr(CN)0]2, 
10 HgO, an unstable yellowish white powder. 

For a series of complicated heavy-metal chromicyanides see Reihlen 
and Kraut. 

Hume and Stone find that the magnetic moments of the chromi- (as 
of the chromo-) cyanides are those required for an octahedral 6-covalent 
complex. 

Thiocyanate Complexes 

The formation of these chromic complexes has long been known (see, 
for example, Rosenheim^^®^). They were investigated in great detail by 
Bjerrum.^®^^"® He showed that a chromic salt reacts in solution with an 
alkaline thiocyanate slowly (in some days at 50°), giving all the possible 
compounds from [Cr(SCN)(OH2)5]X2 through [Cr(SCN)3(OH2)3]'^ to 
M3[Cr(SCN)e] in proportions depending on the concentrations. All but 
the first two of these can be extracted from the acid solution with ether; 
these two, [Cr(SCN)(OH2)6]X2 and [Cr(SCN)2(OH2)4]X, could not be 
isolated, but were shown to be present in the solution. The rest were all 
isolated, the acids as salts, often of pyridine or quinoline. Bjerrum was able 
to determine many of the velocities of formation and decomposition and 
especially the equihbrium constants for all the 6 ions [Cr(SCN)aj(OH2)6-x]* 

[Cr(SCN)3(OH2)3]'', the ‘simple’ chromic thiocyanate, separates from 
water in violet crystals, which are difficult to purify.^®®® It gives a red 
solution in water, which at first shows none of the reactions of the ions, 
and by the freezing-point is scarcely ionized at all, but on standing the 
compound ionizes and the solution turns green. In acid solution the 
compound is stable, but it is broken up by alkalies at once. The partition 
coefficient with ether at 15° is about 4 in favour of the ether.^®®* 

The hexathiocyanato-salts of the alkalies, of ammonium, and of most 
of the divalent metals are soluble in water, the silver and lead salts 
insoluble. As with the simple thiocyanate the fresh solutions are red; they 

1027 ip, Christensen, J. prakt. Chem, 1885, [2] 31, 163. 

F. v. Dyke-Cruser and E. H. Miller, J.A.C.S. 1906, 28, 1132. 

H. Moissan, Ann, Chim, Phya, 1882, [v] 25, 401. 

1080 p. Walden, Z. ph/ya. Chem, 1888, 2, 49. 

10" H. Reihlen and F. Kraut, Ann, 1930, 478, 219. 

10" D. N. Hume and H. W. Stone, J,A.C.S, 1941, 63, 1200. 

1088 A. Rosenheim and R. Cohn, Z. anorg, Chem, 1901, 27, 293. 

io»4 ]sr, Bjerrum, ib. 1921, 118, 131. 
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Group VI. Chromic Complexes 

give no reactions for chromic or thiocyanate ions, and the van’t Hoff i by 
the freezing-point is nearly 3. On standing, however (in a few days in the 
cold^®^*), the solution turns green, the conductivity increases, the freezing- 
point falls, and the solution gives the reactions of the simple ions. The rates 
and equilibria of the dissociations have been examined by Bjerrum.^®^^"® 

Many of the lower chromic ammines contain thiocyanato-groups in the 
complex. 

Nitrogen Complexes: Ammines 

These form the largest group of chromic complexes; they closely 
resemble the ammines of trivalent cobalt, and of trivalent ruthenium.^®^® 
The co-ordination number—^the number of atoms covalently linked to the 
chromium—is practically always 6; some of the hexammines can be made 
to take up more ammonia in the solid state, but this is much less firmly 
held.^®®® The electrovalency ranges from +3 in the hexammines 
[Cr(NH 3 ) 6 ]X 3 through zero in 0 r(NH 3 ) 3 X 3 to —1 in M[Cr(NH 3 ) 2 Br 4 ] and 
— 3 in the halides M 3 [CrXe]. In the ammines all possible types have been 
reaUzed except the last, M 2 [Cr{NH 3 )X 5 ] (though the mono-aquo-compounds 
M 2 [Cr(OH 2 )X 6 ] are known). A variety of amine bases may be used, 
ammonia, alkylamines, pyridine, urea (only one NHg here reacting with 
the Cr), as well as diamines, of which the best-known is ethylene-diamine 
(‘en’) NH 2 CH 2 CH 2 NH 2 .^®^® The replacement of successive hydrogen atoms 
in ammonia weakens the attachment, but this is more than counter¬ 
balanced by the extra stability due to the ring-formation in the diamines, 
as it is to a considerable extent by the aromatic character of the (tertiary) 
nitrogen in pyridine. Of the non-nitrogenous neutral molecules in the 
ammine complexes the most important is water. The acyl groups are very 
various, including OH“ (hydioxo-salts), halogens, NO 2 , NO 3 , as well as a 
number of anions of oxy-acids, usually dibasic as in SO 4 ” and esjjecially 
the oxalato-group € 204 ”. (Some of these series of salts have been given 
trivial names which are still in use: for example, [CrAmgJXg luteo; 
[CrAm 6 (OH 2 )]X 3 roseo; M 2 [CrAm 5 X] purpureo; M 2 [CrAm 5 N 02 ] xantho; 
the rhodo- and er 5 rthro-salts are of a more complicated Crg type.) 

The hexammine (luteo-) salts can be made from anhydrous chromic 
chloride and liquid ammonia, or by the action of ammonia and air on a 
chromous solution. They are yellow or orange^; they do not seem to 
lose ammonia reversibly.^^^® Many salts both of simple and of complex 

N. Bjemim, Z. anorg, Chem. 119, 39, 54, 179. 

A. Cioci, ib. 1899, 19, 314. 

G. Scagliarini and G. Tartarini, Qaz. 1923, 5?, 139, 617. 

K. Glen, W. Cimtze, and K. Rehm, Z. anorg, Chem, 1938, 237, 89. 

103W Y. Ephraim and W. Ritter, Helv. Chim, Acta^ 1928, 11, 848. 

See C. L. Rollinson and J. C. Bailar, J.A,C.S. 1943, 65, 250; 1944, 66, 641. 

1041 pQj. colours of the chromammines see R. I. Colmar and F. W. Schwartz, 
ib. 1932, 54, 3204; G. Joos and K. Schnetzler, Z, physikal. Chem. 1933, B 20, 1. 

1048 Pqj. changes in absorption spectra when NH3 and HgO are replaced by 
ND3 and D,0, see B. Duhm, Z. physikal. Chem. 1937, B 38, 359. 

F. Ephraim and S. Millmann, Ber. 1917, 50, 529. 
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acids are known, the latter often being insoluble in water. The free base 
[Cr(NH 3 )e](OH) 3 , made by treating the trichloride with silver oxide, has 
a strong alkaline reaction; it separates from water on addition of alcohol 
and ether as a yellow sohd. 

The corresponding ‘en’ complexes are also known^^^^ conductivity 
measurements confirm their great stability. 

The aquo-pentamraines [Cr(NH 3 ) 5 (OH 2 )]X 3 can be made from the 
hexammines by heating with water.^®^®"® They are yellow solids, less stable 
than the hexammines, and particularly sensitive to light. 

The diaquo-salts are similar. The ‘en’ derivatives are of special interest 
here from their stereochemical relations 10 ^ 2-4 below). The triaquo-^®®® 
and tetraquo-salts^®®®""^ are similar. These last can be made^®®^® by 
oxidizing the diammine NH 4 [Cr(NH 3 ) 2 (SCN) 4 ] in presence of hydrobromic 
acid to [Cr(NH 3 ) 2 Br 2 (OH 2 ) 2 ]Br; the bromine in the complex is then hydro¬ 
lysed by ammonia to OH in [Cr(NH 3 ) 2 (OH 2 ) 3 (OH) 2 ]Br, which is converted 
by acids into salts of the tetraquo-complex [Cr(NH 3 ) 2 (OH 2 ) 4 ]X 3 . These 
are reddish-violet salts, easily soluble (unlike the dihydroxo-compounds) 
in water. 

When the complex has one NH 3 replaced by an acyl group it becomes 
divalent, as in [Cr(NH 3 ) 5 X]X 2 (purpureo series). The acyl groups in the 
complex are reversibly hydrolysed by water to the aquo-pentammines 
at various rates^®®^'*® (chlorine much more rapidly than iodine), with 
an increase of conductivity. The ethylamine compounds such as 
[Cr(NH 2 Et) 5 Cl]X 2 are very similar but less stable, and are slowly hydro¬ 
lysed by cold water.The nitrato-base [Cr(NH 3 ) 5 N 03 ]X 2 is known. 

1044 p Pfeiffer, Z. anorg, Chem, 1900, 24, 279. 

Id., ib. 1902, 29, 107. 

104C stability relations of the various solid hexammines, aquo-pentammines, 
etc., in contact with one another and the solution have been examined by A. Benrath 
and H. Steinrath, ib. 1929, 177, 292; 1930, 194, 351. 

S. M. Jdrgensen, J. prakt. Chem, 1882, [2] 25, 398. 

1048 ^ Werner, Ann, 1914, 405, 212. 

S. Loria, Ann. Phys. 1912, [4] 38, 889. 

1060 YoT the conductivities of these salts and their relations to the hydroxo (OH) 
compounds see H. J. S. King, J.C.S. 1925, 127, 2100. 

1061 pQj. fheir crystal structures (exactly like those of their cobalt analogues) see 
O. Hassel and G. B. Naess, Z. anorg. Chem. 1928, 174, 24. 

1062 p. Pfeiffer, Ber. 1907, 40, 3126. 

1063 ^ anorg. Chem. 1907, 56, 261. 

Id., ib. 1908, 58, 228. A. Werner, Ber. 1906, 39, 2656. 

1066 A Werner and A. J. Klien, ib. 1902, 35, 277. 

1067 p Pfeiffer, Z. anorg. Chem. 1902, 31, 401. 

1068 ^ Werner and J. V. Dubsky, Ber. 1907, 40, 4085. 

J. V. Dubsky, J. prakt. Chem. 1914, [2] 90, 61. 

E. H. Kiesenfeld and F. Seernann, Ber. 1909, 42, 4222. 

1061 Y. Frowein, Z. anorg. Chem. 1920, 110, 107. 

1062 A. Werner and A. Miolati, Z. phyaikal. Chem. 1894, 14, 506. 

1063 u Freundlich and H. Pape, ib. 1914, 86, 458. 

H. Mandal, Ber. 1916, 48, 2055. Id., ib. 1916, 49, 1307. 

A. Werner and J. v. Halban, ib. 1906, 39, 2668. 
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The hydroxo-compounds [Cr(NH 3 ) 4 (OH)(OH 2 )]X 2 can be made from 
the diaquo by treatment with pyridine; they liave^ a neutral reaction, 
but are converted by acids back into the diaquo-salts.^^^^*^^®® 

The salts of the monovalent base [Cr(NH 3 ) 4 X 2 ]X have various possibili¬ 
ties of isomerism; the two X groups may be attached to adjacent [cis) or 
opposite (trans) comers of the octahedron (X—Cr—X ~ 90° or 180®). 
The configuration is determined by finding whether a divalent radical 
(usually the oxalato-) can take the place of the two acyl groups; if it can, 
they must be a cis. With the di-en compounds of the type [Cr(c?i) 2 X 2 ]X 
there is a further possibility of optical isomerism in the cis (but not in the 
trans) series: 



trans 


The cis-irans isomerism is known in many series; the isomers ordinarily 
differ in colour and are interconvertible; whether the cis or the trans is 
the more stable depends on the nature of the groups in the complex. 

Of the asymmetric compounds, Werner resolved [Cr(e 7 i) 2 Cl 2 ]X in 
and the trichelate oxalato-salt K 3 fCr(C 204 ) 3 ] in 1912.^®®^ 

With three kinds of groups in the complex, as in [Or(NH 3 ) 3 (OH 2 )Cl 2 ]X 
a third series of isomers becomes possible, and has been isolated in some 
cases. 

Fluorine compounds are unusually common among these complexes, 
especially those with pyridine ; all three types [CrF 2 py 4 ]X, [CrFgpyg]^, 
and [CrF 3 py 2 (OH 2 )J® are known.The salts of the first series can be 
made by the action of pyridine on hydrated chromic fluoride. 

The triacyl compounds CrXgAmg must of course be non-ionized, and 
they behave as such. CrFgpyg, also made from the hydrated fluoride and 
pyridine,is soluble in water, and the solution has practically no con¬ 
ductivity, and gives no precipitate with polyvalent anions like PO 4 or 
PtCl^. The chlorides CrClgAmg, which can be made in a similar 
and also by heating the chloropentammine chloride in hydrochloric acid 
at 270®,^®^^ is insoluble in water but dissolves m chloroform; its undis- 

See Table in Abegg, p. 246. A. Werner, Ber, 1911, 44, 3132. 

Id., ib. 1912, 45, 3061. 

N. Costachescu, Chem. Ccntr. 1912, i. 1970. 

Id., ib. 1914, i. 2141. P. Pfeiffer, Bet. 1900, 33, 2686. 

Id,, Z. anorg. Chem. 1907, 55, 97. 

H. I. Schlesinger and R, K. Worner, J.A.C.B. 1929, 51, 3520. 
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sociated character is further shown by its being precipitated unchanged 
by water from its solution in concentrated nitric acid.^®^^ 

The monovalent anions [CrAm 2 X 4 ]'” occur in such salts as 

NH4[Cr(SCN)4(NH3)2], H^O 

(Reinecke’s salt),^®"^® which is red and fairly soluble in water, and the 
oxalato-salt NH4[Cr(C2O4)2(NH3)2].i076 

In addition there are numerous binuclear (Crg) complexes, such as the 
diol salts [Cr 2 Amg(OH) 2 ]X 4 , which presumably have the two hydroxyl 
groups acting as bridges,^®®® as in 


H 

A 

(cn)2Cr;^^^Cr{en)2 


H 


The remarkable monols occur in a normal [Cr 2 Amio(OH)]X 5 and a 
basic series [Cr 2 AmioO]X 4 ; each of these occurs in two isomeric series, 
known as the rhodo- and the erythro-salts. The explanation of the 
isomerism given by Werner (ascribing it to 'valency isomerism') is now 
seen to be meaningless; but Jensen has shown^®'^'^ that it must be due to 
the link between the chromium atoms being an OH group in the rhodo- 
and an NHg in the erythro-series: thus 



Normal , 

Basic 


H 


Rhodo-salts 

LAmsCr—O-Ain^lXj 

[AiUjCr—0—CrAm6]X4 


OHa 

OH 



1 

Erythro-salts . 

[Am4Cr—NH j—CrAm^Xj 

[Am^Cr—NHj—CrAm5]X4 


Oxygen Complexes 

These again are numerous; they are formed by the usual three kinds 
of addenda, neutral molecules like water or alcohol, monovalent chelate 
groups like those of the jS-diketones, and divalent acid radicals as in the 
oxalato and other 'ato' complexes; this third class is the most numerous. 
Examples of the complexes formed with water have been given above in 
the aquo-ammines; the extreme form [Cr{OH 2 ) 6 ]^“^^ is the hydrated ion 
which occurs in solutions of all simple chromic salts, and in many of their 

1076 Q -p Christenfien, J. prakt. Chem. 1892, [2] 45, 213, 356. 

1076 A. Werner, Ann, 1914, 406, 261. 

K. A. Jensen, Z. anorg, Chem, 1937, 232, 267. 
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crystals as well. Alcohol can behave like water, as in the. compound 
CrClj, 3 Eton.’"’* 

Chromic acetylacetonate (CrAg) can be made by heating chromic 

HC^ 


hydroxide with acetylacetone; it is a reddish-violet solid, and is remark¬ 
ably stable; it melts at 214'^ and boils undecomposed at 340'', ^ 

green vapour^®’®; unlike, for example, the ferric compound it is unaffected 
by phenyl hydrazine.^®®® 

The more numerous ‘ato' complexes are formed both by monovalent 
and by divalent radicals. In the lower ammines we find nitrito 0—N—0 
and nitrato O—NOo groups in the complexes. Various double formates 
are known; most of these have 2 or 3 Cr atoms in the molecule,^but 
there is a normal salt Na3[Cr(0 -C0 H)e], 4*5 HgO, which only gives a 
precipitate with ammonia aftf r a time.^^^^^ 

With acetic acid there is a great variety of complicated types, mainly 
with three chromium atoms, as in [Cr 3(0 (;0 CH 3 ) 6 ( 0 H) 2 ]X^®^^’’®®''^ and 
the derived forms with (OH)(OH 2 )]X 2 and (OH 2 ) 2 ]X 3 .^®®^"® 

The chelate derivatives of dibasic acids are more numerous. The com¬ 
plexity of at least some of the double sulphates (including chromic sulphate 
itself, but not the alums) is clear. A more important group is that of the 
oxalates. The ‘simple' oxalate Cr 2 (C 204 ) 3 , a;H20 must be complex as it is 
so soluble in water (p. 1014).^®®^"® Of the double oxalates there are two 
main types. One is the trichelate M 3 [Cr(C 204 ) 3 ], which was resolved by 
Werner in 1912^®®^; these are blue salts, whose solutions give no reactions 
for chromium or oxalate; the soluble calcium salt Ca 3 [Cr(C 204 ) 3]2 aq. is 
stable in solution in the cold, but on boiling calcium oxalate is precipitated. 
The dioxalato salts M[Cr{C 204 ) 2 ( 0 H 2 ) 2 ]^®^®'^ are red; their structures allow 
of their existing in two inactive forms, cis and trans, of which the latter 
are resolvable, and Werner showed^®’® that these two series occurs 
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1085 E. Spath, Mon, 1912, 33, 236. 
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The racemization of the chromioxalates has been 8 hown^®® 2-4 
first-order reaction, with a half-life (for the trichelate salt) of 59 minutes 
in a 0-08-normal solution at 18°. Since this reaction was shown not to be 
catalysed by oxalate ions, it would seem that it cannot involve the separa¬ 
tion of oxalate ions from the complex. This has been conclusively estab¬ 
lished by Long.^°®® Oxalate made with radioactive carbon was mixed 
with the oxalato-compound at 35°, where the time of half-change in water 
is 24 minutes; samples removed after 12-5 and after 25 minutes showed 
that no isotopic exchange had occurred. 

It has been shown^®®® that at 18° the chromioxalate racemizes 20 times 
as fast as the cobaltioxalate. 


Catechol complexes 




have been made by Wein- 


land.^®^"^ They prepared a series of compounds M 3 [Cr{cat) 3 ] (M = Li, K, 
NH 4 , ^ Mg, I Ca, etc.), mostly hydrated. They are green and give green 
solutions, which on dilution turn red reversibly, presumably through 
hydrolysis to the dichelate M[Cr(cat) 2 (OH 2 ) 2 ]- 


Sulphur Cojnplexes 

Chromic sulphide Cr 2 S 3 (p. 1011) will combine with metallic sulphides to 
form 'thiochromites' MCrSg or M 2 Cr 2 S 4 . These cannot be made by dis¬ 
solving the chromic sulphide in an alkaline sulphide solution, but only 
by heating a chromic compound with a metallic oxide or carbonate in 
presence of sulphur and in absence of air.^®^®"^ Thus we have NaCrS 2 , 
a brick-red powder, stable when dry, but oxidized by air and water to a 
thiosulphate. If this is boiled with the solution of a heavy metal salt, 
the corresponding thiochromite is produced, such as AgCrS 2 , Cu(CrS 2 ) 2 , 
or Fe(CrS 2 ) 2 -^®**^*^^®® These are black insoluble substances, unaffected by 
hydrochloric acid but oxidized by nitric acid. Similar selenochromites 

are known. 

Complex Halides 

Apart from one or two fluorides MgCrFe, these all seem to be of the type 
MgCrXs, HgO, the water being no doubt in the complex. Chlorides of the 
types MCrCl 4 and MgCrClg have been described, but not recently. 

Johnson, Trans, Far, Soc. 1935, 31 , 1612. 

1093 Q jj Johnson and A. Mead, ib. 1621. 

1094 ^ ^ Beese and C. H. Johnson, ib. 1632. 

1005 F. A. Long, J.A.C.S, 1939, 61 , 570. 

1006 E. Bnshra and C. H. Johnson, J,C,S. 1939, 1937. 
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1100 M. Gr6ger, Mon, 1881, 2, 266. 

1101 p. B. Sarkax and S. N. Bhattacharya, J, Ind. Chem. Soc, 1930, 7, 765. 
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The hexafluoride (NH4)3[CrFe] can be made^^®®“^ by heating a chromic 
salt with ammonium fluoride; it is green, and easily soluble in water. 

The second type M2[CrX6(OH2)] occurs with fluorine, chlorine and 
bromine, and often in two series, one red or violet and the other green. 
The fluorides^^®^ M2[CrF5(OH2)] are green. The chlorides separate in 
violet hygroscopic crystals^^®^"® unless the solutions are very concentrated, 
when a green salt separates which may contain 8 HgO or 4 H2O 

; the green salts go over readily to the red forms. The bromides, 
such as Rb2[CrBr5(OH2)] are similar; their red aqueous solutions soon 
turn green. No iodides have been described. 

DIVALENT CHROMIUM 

The chromous ion Cr^"^ is the first product of the solution of metallic 
chromium in acids, but it is very easily oxidized to the chromic ion Cr'^''^'’’, 
and aU work on chromous compounds must be carried out in complete 
absence of air. Chromous compounds can also be made by the reduction 
(for example, electrolytically) of chromic, and the halides can be made by 
the combination of the elemencs in the proper proportions. 

In solution, and in many hydrated salts, the chromous ion is bright blue. 
Its chemical behaviour is very like that of the ferrous ion: the same 
reagents precipitate both: with both, the hydroxide is precipitated by 
ammonia, but not in the presence of ammonium salts: chromous solutions 
like ferrous absorb nitric oxide, though the chromous, instead of forming a 
compound with it bke the ferrous, reduce it, in neutral solution to ammonia, 
and in acid solution to hydroxylamine. But there is a marked difference 
between the two, in that the tendency to pass from the di- to the trivalent 
state is far stronger with chromium than with iron. The discharge poten¬ 
tial, that is, the E.M.F. with a hydrogen electrode of a platinum plate in 
a solution containing normal chromous and normal chromic ion, is — 0*4 
volts, while the corresponding value for iron is -I- 0-75 volts. As a result 
a chromous salt should be just able to decompose water with evolution 
of hydrogen, and in fact this does occur under the catalytic influence of 
platinum; without a catalyst there is no evolution of hydrogen from water 
unless the solution is fairly acid. But its reducing power is very strong. 
In solution it removes oxygen from air, and it is often used to remove the 
last trace from a gas; the relative amounts of oxygen left in nitrogen after 
passing various reagents are: quinone hyposulphite or CuCl— NH^ 260 ; 
pyrogallate 390 ; CrClg 1; so that it is by far the most efficient.^^^^ As 

G. Fabris, Gaz. 1890, 20, 682. 

H. V. Helmolt, Z. anorgf, Chem, 1898, 3, 125. 

1106 Q X. Christensen, J, prakt, Ghem. 1887, [2] 35, 161. 
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G. Neumann, Ann. 1888, 244, 336. 
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Ill® R. F. Weinland and A. Koch, Z. anorg. Ghem, 1904, 39, 296. 
nil H. W. Stone, J.A.G.S, 1936, 58, 2691. 
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occurs with strong reducing agents the oxygen is thereby activated 
(autoxidation); thus chromous chloride in alcohol is oxidized by air and 
at the same time the alcohol is oxidized to aldehyde: in presence of an 
arsenite, while a chromous salt takes up oxygen to become chromic, an 
equal amount of oxygen goes to oxidize the arsenite to arsenate., Chromous 
salts reduce mercuric salts to mercurous, cupric to cuprous, while they 
separate platinum, gold, and even tin from solutions of their salts. 

Chromous Oxide^ CrO 

This is formed by oxidizing chromium in its amalgam by air: when 
heated in air it burns to the sesquioxide. Unlike the sesquioxide, if it is 
heated to a high temperature in hydrogen it is reduced to the metal. 

Chromous Hydroxide, Cr(OH)2 

This is so readily oxidized that it is not certain if it has ever been 
prepared. When treated with alkalies, chromous chloride solutions give 
a yellow precipitate, which is rapidly converted by the water, with 
evolution of hydrogen, into the oxide Cr 304 . 

Chromous Fluoride 

This can be made by the action of hydrofluoric acid on red-hot chromium, 
or on chromous chloride in the cold. It is a green solid which melts at 
1,100°, and is not volatile at 1,300°. It is only slightly soluble in w^ater 
and insoluble in alcohol. 

Chromous Chloride 

Chromous chloride can be made by the action of hydrochloric acid on 
chromium at a white heat, or of hydrogen on chromic chloride at a red 
heat. It is a white substance^^^^ which is easily fusible but only slightly 
volatile (the lowest temperature at w^hich Nilson and Petterson got its 
vapour density was 1,300°); in the vapour state it is very largely Cr 2 Cl 4 
even above 1,500°. It dissolves readily in w^ater (evolving 18*6 k.cals. per 
CrClg) to give a blue solution from which various hydrates can be obtained, 
namely: 


6 aq. 4 aq.A 

V ■ —4 aq.B ,,— 

3 aq. ^ 

2 aq. ;p=: 

=:i anhydr. 

ca.-f 10*^ 

o 

O 





Dark 

Pale| 

Pale 1 


Blue Blue 

Green 1 

Blue; 

Green; 

White. 


All these except the green 4 aq.B behave in solution as normal strong 
electrolytes, but this form has a much lower conductivity, gives a green 
solution, and is obviously complex. 

The behaviour of anhydrous chromous chloride with ether is very 
c. Poulenc, CM. 1893, 116, 263, 

1112 For its magnetic properties see R. H. Weber, Ann. Phys. 1911, 36, 624. 
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remarkable.Chromic chloride will not dissolve in ether unless it is 
mixed with chromous. If the mixed solid is treated with ether in the 
absence of air and moisture, it is found that the ether takes up practically 
only the chromous chloride. The solution, although it contains Cr and Cl 
in the ratio 1 : 2 , has no reducing properties at all: it does not reduce 
Fehhng’s solution, nor ammoniacal silver, nor iodine, nor methylene blue, 
nor indigo; with hydrochloric acid and palladium there is no evolution of 
hydrogen, and the solution does not decolorize permanganate as chromous 
chloride does. It is in fact clear that the solution contains trivalent and 
not divalent chromium, and it gives all the usual chromic complexes. 
These are all derived from a compound CrCl 2 (OEt): for example. 


(NHalaCrCyOEt); 


and it seems certain that the chromous chloride must react with the ether 
to form this ethylate; but no one knows what happens to the rest of the 
ether molecule, which ought to give butane. The ethereal solution is a 
non-conductor of electricity. Chromous bromide and iodide behave in the 
same way. For the ether we can substitute dioxane or benzyl ethyl ether, 
but not a partly aromatic ether such as anisol or phenetol. This may, 
however, only mean that these last-mentioned ethers need a higher 
temperature for reaction than the product will stand. 

Chromous chloride CrCl 2 has been used as a reducing agent in organic 
chemistry,^^^^ especially for reducing iminochlorides to aldehydes, for 
example: 

yN.(D /O 

o cf —> o cf . 


'^Cl 




Chromous Bromide 

This is a white solid which turns yellow on melting, and is easily soluble 
in water; it is only known in the anhydrous state and in solution. It 
forms a stable co-ordination compound with hydrazine of the formula 
CrBr 2 , 2 N 2 II 4 (Traube). 

Chromous Iodide 

According to Hein^^^®"^^ this is dark red or red-brown, and melts at 
790-5°; the colour cannot be due to free iodine, since it is not removed 
by shaking with mercury.At high temperatures it is much more stable 
than chromic iodide, and even as low as 300° the conversion by iodine 
into the tri-iodide is not complete. Above 800° chromous iodide is to some 
extent reduced by hydrogen to the metal, but attempts to prove the 
existence of a univalent CrI have all failed; there appears to be nothing 
between Crlg and Cr-flg.^^^^ 

Ill* F. Hein, H. Farl, and H. Bar, Ber. 1930, 63, 1418. 

Ill* J. v. Braun and W. Randolph, ib. 1934, 67, 269, 1735. 

Ill* F. Hein and I. Wintner-Holder, Z. anorg, Ghem. 1931, 202, 81. 

1117 F. Hein and G. Bahr, ib. 1943, 251, 241. 
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Chromcms Sulphate 

This can be prepared^^^® by reducing chromic sulphate electrolyticaUy 
with a platinum cathode in an atmosphere of hydrogen; it is precipitated 
by alcohol as CrS 04 , 5 HgO, and this is stable in dry air. The anhydrous 
salt is unknown, but a second blue hydrate CrS 04 , 7 HgO has been made, 
which is isomorphous with the ferrous sulphate. It also forms double 
sulphates corresponding to the vitriols. The aqueous solution evolves 
hydrogen in presence of a platinum catalyst, or of hydrochloric acid. 

Chromous Formate 

This is a red salt, giving a blue solution in water. 

Chromous Acetate 

This also is red, and is only slightly soluble in water, so that it is a good 
source for making other chromous compounds; it must be prepared and 
used in an atmosphere of hydrogen or nitrogen. 

Chromous Oxalate^ CrOx, HgO 

This is a yellow powder looking like ferrous oxalate, which is very 
slightly soluble in water, and is relatively stable even when moist, and 
only slightly oxidized by air (Moissan). 

CHROMOUS COMPLEXES 

The chromous compounds form a series of complexes, though much fewer 
than the chromic, owing to the smaller charge (compare cobaltous and 
cobaltic). 

The chromocyanide K 4 [Cr(CN) 6 ] (Descamps, 1882) is a dark-blue solid 
giving a red solution in water. In acid solution it rapidly changes to the 
chromicyanide K 3 [Cr(CN) 6 ], but in neutral solution (in absence of air) it 
is quite stable.paramagnetic moment required for an octa¬ 
hedral complex. 

Various ammines are known^^^^-^o including the very stable CrCl 2 , BNHg, 
and compounds with hydrazine^^^^ and dipyridyl.^^^^*^^^® The ease of 
oxidation of the chromous atom in these ammines varies greatly, depend¬ 
ing on the stability both of the chromous complex and of the chromic 
complex into which it can pass. The ammines proper are usually stable 
in the air when dry,^^ 2 (>‘i ammonia and ammonium chloride^^^^ or 

ethylene diamine^^^® are added, hydrogen is evolved and a chromic com¬ 
plex formed. Pyridine complexes are oxidized by air even when wet .^^22 

A. Asmanow, Z. anorg, Chem. 1927, 160, 209. 

F. Ephraim and C. Zapata, Helv, Chim, Acta, 1934, 17, 287. 

H. I. Schlesinger and E. S. Hammond, J.A.C.S, 1933, 55, 3971. 

1121 w. Traube and W. Passarge, Ber. 1913, 46, 1505. 

1122 Traube, E. Burmeister, and R. Stahn, Z. anorg, Chem. 1925, 147, 50. 

Gr. A. Barbieri and A. Tettamanzi, Atti R„ 1932, 15, 877. 

A. Asmanow, Z. anorg, Chem, 1927, 160, 209. 

J. H. Balthis and J. Q, Bailor, J.A,C.S. 1936, 58, 1474. 
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Complexes of dip 3 rridyl, such as fCr(dipy) 3 ]Br 2 , 6 HgO, are only slowly 
oxidized by air. 

Double sulphates M 2 Cr(S 04 ) 2 , 6 HgO are formed by chromous sulphate 
as a vitriol (K salt Moissan, 1882: NH 4 salt^^^®). Carbonato-compounds 
such asNa 2 Cr(C 03 ) 2 , 10 and 1 H 2 O, and K 2 Cr(C 03 ) 2 , 15 HgO (Baug 6 , 1896) 
are yellow solids, and as they give brown solutions in water must be 
complex. No double oxalates are known (Abegg, 1921). A brownish-red 
double formate NH 4 Cr(HC 02)3 and a double malonate 
NagCriCOg-CHa-COglg, 4HoO 

must be largely dissociated in water as the solutions are blue.^^^’ 

The double fluorides KCrFg (pale blue) and NH 4 CrF 3 , 2 HgO (blue) give 
blue solutions in water,and so are no doubt largely broken up. 

Chromium Carbonyl, Cr(CO)e 

This can be made^^^® by the action of carbon monoxide on chromic 
chloride at the moment when it is being reduced by the Grignard reagent. 
A solution of ethyl magnesium bromide Et -Mg-Br in ether is dropped 
into a cooled suspension of CrClg in ether in presence of carbon monoxide, 
the product is decomposed by dilute H 2 SO 4 , and the ethereal layer, which 
contains the carbonyl, is separated and distilled. The carbonyl CV(CO )6 
remains as a white powder, which can be purified by sublimation at 160°. 
The yield is about 24 per cent., but it can be raised to 60 per cent, by 
increasing the pressure of the carbon monoxide to 50 atm.^^^® 

Hieber^’^^^ Ijoints out that the conditions of this reaction are exactly 
those which Hein found necessary for the production of the chromium 
phenyls, even to the extent that the reaction goes only with covalent and 
not with ionized chromium derivatives; and he suggests that the first 
stage is that a phenyl group becomes attached to the Cr, and that this 
is then replaced by a CO, which will in fact sometimes react farther with 
the phenyls to produce ketones, etc. Hieber and Romberg^^^e show that 
this method of Job’s can also be used with advantage for the preparation 
of the molybdenum and tungsten carbonyls (which can also be made in 
other ways that are not available for chromium) and they redetermine 
the physical properties of the three carbonyls as follows: 



Cr(CO), 

Mo(CO), 

W(CO), 

B. pt. extrap. 

145-7° 

166-3° 

176-0° 

Ht. of Subln. 

17-2 

16-3 

17-7 

(k.cals./mol.) 





1126 c. Laurent, C.i?. 1900, 131, 111. 

1127 w. Traube and A. Goodson, Ber. 1916, 49, 1679. 

ii3« A. Job and A. Cassal, C,R. 1926, 183, 392; Bull. Soc. Chim, 1927, [iv] 41, 
814, 1041. 

1129 'vy. Hieber and E. Romberg, Z. anorg. Chem. 1935, 221, 321. 

1180 B. B. Owen, J. English, H. G. Cassidy, and C. V. Dundon, J.A.G.S. 1947, 69 , 
1723. ^ 
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All three carbonyls have been shown by X-ray analysis and by 
electron difFraction^^^^ octahedral. 

The chromium compound is colourless, and melts at 149°. It can be 
recrystallized from benzene, ether, chloroform, or CCI4. The carbonyls of 
this subgroup are remarkably stable, as compared with those of either 
iron or nickel, and among them the chromium compound is the stablest, 
perhaps because it alone is covalently saturated. Its vapour does not 
decompose below 120 °, and it is not attacked by concentrated HCl or 
H 2 SO 4 , or by bromine, which decomposes molybdenum carbonyl. 

In these compounds the carbonyl groups can be replaced by other 
donors, especially pyridine and o-phenanthroline.^^^^ But here again the 
great stabihty of the hexacarbonyls, and especially of the chromium 
compound, can be seen. Thus pyridine attacks nickel carbonyl, and expels 
carbon monoxide from it, at the ordinary temperature: it does not attack 
molybdenum carbonyl below 116°, nor chromium carbonyl below 140°. 
The main products of its action are with chromium Cr(CO) 4 py 2 and 
Cr(CO) 3 py 3 and with molybdenum Mo(CO) 3 py 3 . 

These compounds have the normal behaviour of carbonyls (see IV. 547). 
They contain the groups M-^C^O, and the E.A.N. of the central 
metallic atom (of which the valency strictly speaking is zero, since all the 
linking electrons are provided by the CO) is that of an inert gas. Every 
CO group contributes 2 to this number, and accordingly the simple (mono¬ 
metallic) carbonyls will be formed only by elements with even atomic 
numbers. Thus in the first long period we have 

28 Ni : Ni(CO )4 E.A.iN. - 28 ) 2x4 - 36. 

26 Fe : 1^00)^, : 26 + 2x5 36. 

24 Cr : Cv(CO)^ : 24 ( 36. 

The positions of Mo and W (54 and 86 ) are obviously similar. 

1131 Riidorff and U. Hofmann, Z. physikaL Chem. 1935, B 28, 351. 

L. Q. Brockway, R. V, G, Ewens, and M. W. Lister, Trans, Far, Soc, 1938, 34, 

1360. 

1133 ’yy Hieber and F. Miihlbauer, Z. anorg. Chem, 1935, 221, 337. 



MOLYBDENUM AND TUNGSTEN 

These two elements show very marked dififerences from chromium, in the 
same direction as in the earlier A subgroups, for example, between Ti and 
Zr—Hf, or V and Nb—Ta, but much more intense. On the other hand, 
the differences between the two elements themselves are quite small. 

In chromium there is a sharp distinction between the hexavalent com¬ 
pounds, which are covalent and acidic, and the di- and trivalent which are 
definitely ionised, and in which the element is clearly metallic or basic; 
the intermediate valencies of V and IV either do not occur at all, or 
only very rarely. 

The properties of hexavalent molybdenum and tungsten are very like 
those of hexavalent chromium, except that the tendency to polymerization 
and condensation of the oxy-acids has increased enormously, even more 
than in the previous subgroups. All the lov^er valencies down to 2 are 
represented, but none of them, not even the lowest, give simple ions 
corresponding to Cr^^ and The elements in these lower valencies 

are largely non-ionized (the usual effect of increasing atomic number in 
A subgroups) and when they form salts with acids these are not simple salts, 
but when not complex are partly oxides, the so-called 'yU compounds, 
such as Mo^’^ 0 (S 04 ). The result is that while the chromium compounds 
faU into two sharply distinguished classes, the covalent derivatives of the 
hexavalent acidic chromium and the basic and ionized tri- and divalent 
salts, we find among the molybdenum and tungsten compounds no such 
sudden contrast of properties: as we go from one of the five different 
valencies to the next, there is a smaller and much more gradual change. 

The differences between molybdenum and tungsten are all small, and 
will be noted as we come to them. The most marked is an exemplification 
of the general rule that in A subgroups the lower valencies become less 
stable as the atomic number rises. So here, in the trivalent state molyb¬ 
denum has a trihalide and oxyhaUdes as well as complexes, while tungsten 
has the complexes alone: and in the divalent state the peculiar complex 
Xehali 2 which forms this group with both elements, is much more stable 
with molybdenum than with tungsten. 

Molybdenum 

Molybdenum was discovered by Scheele in 1778, in molybdenite M 0 S 2 , 
which is its most important ore. The metal is obtained from this by 
roasting it to oxide, and then reducing this, either with carbon, or with 
aluminium (when calcium fluoride is added as a flux, and also to moderate 
the reaction), or electrolytically. It has also been suggested^^^^ that the 
metal should be made by the action of heat on the carbonyl Mo(CO)e. 

The proportion of molybdenum in igneous rocks^^^^ is l*5x 10~^ (15 g. 
to the ton), being less than that of tungsten (70 g./ton) and much less than 
that of chromium (about 330 g./ton). 

1184 YoT refs, see list of patents quoted by Gmelin, Molybdenum, p. 36. 
im V. Hevesy and R. Hobble, Z. anorg. Chem. 1933, 212, 134. 
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Tungsten 

This was discovered by Scheele and also by Bergmann in 1781. The 
chief ores are Wolframite, a tungstate of iron and manganese (Fe,Mn)WO 4 , 
and Scheelite or Tungstein CaW 04 . The name tungsten is derived from 
the Swedish tungsten — heavy stone (the density of CaW 04 is 6*06); the 
other name is from Wolfrahm or spuma lupi, because the ore interferes 
with the smelting of tin, and was imagined to eat it up. 

Tungsten is of great commercial importance; the amount of ore con¬ 
taining 60 per cent. WO3 which was produced in the world in 1927 was 
9,600 tons, of which 7,700 came from Asia (mainly China and Burma), 
1,145 from America (mainly California and Colorado), and 500 from 
Europe (mainly Portugal). In its metallurgy the wolframite is first con¬ 
verted into the alkaline tungstate; this is then turned into WO3, and the 
oxide reduced with carbon, or, if it is wanted in the pure state, with 
hydrogen. 

Metallic Molybdenum 

Owing to its high melting-point of 2,622° molybdenum is usually 
obtained as a black powder, but if it is compressed and heated electrically 
nearly to its melting-point it forms a coherent mass of a brilliant silver- 
white colour. The boiling-point is found by extrapolation from the vapour- 
pressure curve to be 3,560° (van Liempt, 1920) or 4,510° (Zwikker,^^^® 
1927). Its specific conductivity at 0 ° is about one-third of that of 
silver. 

Molybdenum is one of those metals (like chromium and also tungsten) 
which according to its previous treatment can behave either as a noble 
(inactive) metal or as an ignoble or active metal.The difference is very 
large; the potential to the normal hydrogen electrode of the extreme 
passive form is +9*66 volts, and of the most highly active ~-0-74 
volts. 

The metal is fairly stable at the ordinary temperature; it is attacked 
by fluorine in the cold, by chlorine and bromine when it is heated, but 
by iodine not at all. Dilute acids, and concentrated HCl, have very little 
action: fairly concentrated HNO 3 will dissolve it, if it is not strong enough 
to make it assume the passive state. The metal is practically insoluble in 
alkahne solutions, and very nearly so in fused alkali; but fused potassium 
nitrate dissolves it at once. 

Metallic molybdenum is used for a variety of special steels, as the 
addition of a small amount of it greatly increases the hardness. For the 
filaments of incandescent lamps it is much less used than tungsten, as it 
is more volatile; but it is used in these lamps to hold the filament, since 
(unhke tungsten) it can be fused into glass. 

C. Zwikker, Physica^ 1927, 7, 71. He gives the values of a series of physical 
properties of the element between 900° and 1,100° C. 

E. Becker and H. Hilberg, Z. Elektrochem. 1925, 31, 33; W. Muthmann and 
F. Fraimberger, Ber. Bayr. Akad. 1904, 34, 201. 
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Metallic Tungsten 

The fused metal is a brilliant white; it melts at 3,400°, and its boiling- 
point is calculated by Langmuir^^^® to be 6,700°; it is among the least 
fusible and least volatile of metals. It is stable in air at the ordinary 
temperature, but on heating it is oxidized by air to WO 3 and by steam 
to WOg. Nitrogen has no action on it below 1,500°, hut above that 
temperature forms a nitride: fluorine acts on it in the cold and chlorine 
at 250-300°, giving in absence of air the hexachloride WCle, and in 
presence of air the oxychloride or the trioxide. 

Tungsten is very stable to acids, largely because it easily becomes 
passive; compact tungsten is only superficially acted on even by concen¬ 
trated nitric acid or aqua regia. A fused mixture of sodium hydroxide 
and nitrate, however, dissolves it rapidly. 

Tungsten can be made to assume the passive state by CrOg, FeCl 3 , 
HNO3, HCl, H2SO4, etc. The highest passive potential to the hydrogen 
electrode is +0-88 volts, and the lowest in the active state is — 0*70 volts. 


Extreme Electrode Potentials to Hydrogen Electrode 



Cr 

j Mo 

W 

Active 

-0-56 

-0*74 

~0*70 V. 

Passive 

-fi‘2 

-fO'66 

•4-0-88 

Difference 

1-76 

1-40 

1-68 V. 


Applications of Metallic Tungsten 
Tungsten is a constituent of various special hard steels, in particular 
(usually along with chromium) of high-speed tool steels. 

It is now the sole metal used for incandescent-lamp filaments, on account 
of its high melting-point and its low volatility. Its efliciency as a source 
of light is about 4 times as great as that of the old carbon filament, about 
one-fourth of that of a neon lamp, and about one-sixteenth of ideal 
perfection. For this use the tungsten must be specially pure, and so is 
made by reducing WO3 with hydrogen. It is thus obtained as a powder, 
and the problem was to discover a way in which it could be converted 
into fine wires of sufficient strength. This is done in two ways. In the 
first the powder is compressed, and the rods so formed are submitted 
alternately to high temperature and to vigorous hammering, until fimally 
the metal ceases to be brittle, and can be drawn into wires of 0‘01 mm. 
diameter. A second and even better method is to convert the wire into 
a single crystal: for this purpose the powder is mixed with about 2 per cent, 
of thorium oxide (which has a great effect, though we do not know why) 
and an adhesive such as gum, and forced through a fine orifice under 
pressure so as to form a thin wire. This wire is then made to pass through 
a short spiral of tungsten wire heated to 2,200-2,400°, at the rate of about 

H. A. Jones, I. Langmuir, and G. M. J. Mackay, Phys, Rev, 1927, ii. 30, 201, 
1119 Muthmann and F. Fraunberger, Ber, Bayr. Akad, 1904, 34, 214. 
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3 metres per hour (about 1 mm. per second); the crystals start in the hot 
zone, and the wire is moved at the rate at which they grow: in this way 
single crystals several metres long can be obtained. They have the 
advantage that they do not become brittle on repeated heating and 
cooling—i.e. on long use—which the drawn wires do, presumably owing 
to recrystallization. 

The reason for the effectiveness of the ThOg is unknown. It is found 
that the addition to tungsten of between 0 and 2*5 per cent., or more 
than 4 per cent, of ThOg diminishes the tendency to crystal formation, 
but that between these two concentrations this tendency increases and 
passes through a sharp maximum. 

Tungsten and the Inert Gases 

The compound of tungsten and helium which Boomer considered that 
he had prepared has already been discussed under hehum (0. 9). 

With argon it was shown by Langmuir^^^^^ that the electron emission 
of a heated tungsten wire was the same in argon at 0 07-55 mm. as in vacMo ; 
hence under these circumstances no compound with argon can be formed. 

Molybdenum and Hydrogen 

No hydride is known. Even the powdered metal takes up very little 
hydrogen, and loses it all again at SOO''.”^^ 

Tungsten and Hydrogen 

Like molybdenum, tungsten absorbs only a minute amount of hydrogen 
at any temperature up to 1,500°, and no compound seems to be formed. 

Molybdenum and Carbon 

The metal can be made to take up carbon either by heating it with 
carbon in an atmosphere of COg, or by heating a molybdenum wire in CO. 
Though there are evidently compounds formed, their nature is very 
obscure, and solid solutions are also produced.Tw^o probable com¬ 
pounds are MogC and MoC: they seem to be very similar; the first forms 
white crystals melting at 2,960^50°; it is slowly attacked by water, and 
also by oxidizing acids. The second is said to melt at 2,965^3 50°. 

Tungsten and Carbon 

Its behaviour appears to be similar to that of molybdenum, but the 
compounds are much better known. The C—W diagram^^^^ contains two 
compounds, W 2 C and WC, with a limited formation of solid solutions. 

I, Langmuir, Phya, Z. 1914, 15, 622. 

J. F. Congdon, Phil. Mag. 1924, [6] 47, 468. 

114* L. Hamburger, Chem. Weekblad^ 1916, 13, 11. 

1143 A. Westgren and C. Phragmen, Z. anorg. Chem. 1926, 156, 27. 

1144 See Gmelin, Tungaterit p. 188. 

N 
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WC melts at 2,770'' C., and has an electrical conductivity at the ordinary 
temperature about 40 per cent, of that of tungsten: at 2 * 5 ° Abs. it is 
superconducting. Its crystal structure has been worke^l out.^^^^ Its heat 
of formation from graphite and the metal is 4 k.cals./mole (exothermic). 

WgC. This has been said to be not a compound but only a solid solution, 
but Becker has shown’that the crystal structure p(unts to a true 
compound. M. pt. 2,780°: (within 10 ° of WC) electrical conductivity 
7 per cent, of that of tungsten at the ordinary temperature. It is very 
resistant to chemical attack, and in general behaves like tungsten itself. 
But unlike both tungsten and the other carbide WC it is strongly attacked 
by chlorine at 400°, giving WClg and graphite. 

Molybdenum and Nitrogen 

Molybdenum does not absorb nitrogen below 1 , 000 °, but if it is heated 
in nitrogen at 1 , 000 ° and 1 atm., and allowed to cool in it, a new phase 
of nitride separates, as X~ray ebagrams show.^^^® If the powdered metal 
is heated with ammonia this is decomposed, and the nitrogen is absorbed. 
Nothing is known of the chemistry of the products, but an X-ray examina¬ 
tion shows that at least three comyiounds are formed,of which one is 
MoN, with the same crystal structure as WC, and another MogN. 

Tungsten and Nitrogen 

Nitrogen has no action on tungsten until a temperature is reached 
(about 2 , 000 °) at which the metal begins to evaporate, and combination 
then takes place with the formation of one or perhaps two compounds. 

WNg is certain: it is formed as a brown deposit on the walls when 
a tungsten wire is strongly heated in nitrogen.Water readily con¬ 
verts it into ammonia and a tungstate. Its crystal structure has been 
measured.^’^^ 

W 2 N 3 has also been described as being formed from WClg and NH 3 , 
but it has not been confirmed. 

Hexavalent Molybdenum and Tungsten 

This is the group valency, and so it is here that we expect the closest 
resemblance to sulphur and the B elements. This we find in the acids of 
the class of H2XO4 and its derivatives. But the increased tendency of 
the XO4 group to polymerize and condense, which is always greater in 

K. Becker, Z. Phys, 1928, 51 , 484; A. Westgreii and G. Phragmen, Z. anorg, 
Chem, 1926, 156 , 27. They find the distances W—C 2*22; W —W 2-86; C—C 2-86 A. 

L. D. McGraw, H. Seitz, and P. E. Snyder, J.A.C,S, 1947, 69, 329. 

K. Becker, Z. Elelctrochem. 1928, 34, 640. He finds the distances W—C 2*15; 
W—W 2*78; C—C 2*99 A. But Westgren and Phragmen (loc. cit. above) do not 
agree. 

A, Sieverts and G. Za])f, Z. anorg, Chem, 1936, 229, 61. 

G. Hagg, Z. physikal Chem. 1930, B 7, 339. 

I. Langmuir, J.A.C.S. 1913, 35, 932; Z. anorg, Chem, 1914, 85, 261. 

G. H%g, Z. physikal, Chem. 1929, B 6, 221; 1931, B 12 , 33. 
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A elements than in B, is very marked here, where most of the salts are 
derived from highly complex acids: there is practically no difference in 
this respect between molybdenum and tungsten. 

With the oxyhalides, which all these elements form, it will be noticed 
that those of molybdenum and tungsten are more stable than those of 
either chromium or selenium (and in V A : V < Nb < Ta). 

With the halides themselves we have ])eculiar relations, ('hromium 
forms no hexahalides. Molybdenum gives a hexafluoride, and no more. 
Tungsten gives a hexafluoride, and also a hexachloride and hexabromide, 
the latter the only compound of its tyj^e known at all. Uranium gives a 
hexafluoride, and a hexachloride. The reason for these differences is quite 
unknown; it cannot be steric, because the sizes of the molybdenum and 
tungsten atoms are practically the same, the radii being Mo 1-36 and 
W 1*37 A and U 1-49 A. 

The hexavaleni state is the most stable both for molybdenum and for 
tungsten, in marked contrast to chromium, where, as usual in a lighter 
element, a lower valency, that of 3, is more stable. It is commonly said 
that the hexavalent state is more stable with tungsten than with molyb¬ 
denum ; this may quite possibly be true, but the evidence usually given 
for it is the existence of WClg and WBrg, and the absence of the corre¬ 
sponding molybdenum compounds. This, however, is only evidence for 
the stability of the O-covalent state: in chromium we saw that the 
6-covaIent state was so unstable that no compounds of this tyx)e are known, 
though the G-valent state was shown to be very stable by the behaviour 
of chromic acid and chromyl chloride, in which the chromium is hexa¬ 
valent, though not hexacovalent. 

Molybdenum Hexajluoride 

This can be made from its elements.^^^^ It is a white crystalline sub¬ 
stance, melting at 17-5*^ and boiling at 35°. The heat of fusion in 1 *94 k. cals., 
and that of eva})oration 6-3(), giving a Trouton constant of 20*6. 

It is immediately hydrolysed by moisture: in this it resembles TeFg but 
differs from SeFg, the maximum covalency for molybdenum as for tellu¬ 
rium being 8 (Mo gives quite stable 8-fold comjjlexes) while that for Se is 6, 
so that MoFg like TeFg is co-ordinately unsaturated, and capable of further 
co-ordination and reaction. 

Otherwise molybdenum hexafluoride is quite stable; it is not affected 
by dry air, chlorine, or sulx)hur dioxide. 

It forms double oxy-fluorides (p. 1044). 

Tungsten Hexafluoride 

Our knowledge of this compound also is mainly due to It can 

be made (1) in 30 per cent, yield by the action of HF on WClg in the 

O. RufT and F. Kisner, Ber. 1907, 40, 2928; O. Huff and E. Ascher, Z. anorg, 
Chem. 1931, 196, 419. 

O. Rufl and F. Eisner, Ber, 1905, 38, 747. 
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Better methods of preparation are, (2) by the action of arsenic 
trifliioride on WCle in the cold, or (3) by the action of antimony trifluoride 
on the hexachloride, according to the equation 

WClg 4- 3 8hb\ - ^ WFg + 3 8bFClo. 

But the easiest method of preparation, if elementary fluorine is available, 
is its direct action on the metal. 

Tungsten hexafluoride melts at 2*5'^ under a vapour juessure of 375 mm., 
and boils at 19-5° below MoFg); its vapour density is normal. It is 
very reactive ; it fumes in air and attacks ])ractically all metals except 
gold and platinum. In every way it behaves just like the molybdenum 
compound. It forms complex oxy-fluorides (see p. 1044). It is remarkable 
for giving coloured solutions in many aromatic or oxygenated organic 
solvents, such as benzene, acetone, and ether, owing presumably to 
co-ordination. With benzene at low temperatures a white solid, probably 
WFcCellfi sei)arates.^^^®'* 

Tungsten Hexachloride 

This and UC1« are the only known compounds XClg. WClg is made by 
the action of chlorine on freshly reduced tungsten at a low red heat in 
the complete absence of oxygen,or by that of chlorine, sulphur chloride, 
PCI 5 , etc., on tungsten trioxide or trisulphide. 

Electron diffraction shows that it is a regular octahedron with the 
W—Cl distance 2 *(theory 2*36). Crystal structure measurements 
show that the molecule has the same form in the solid.It forms dark 
violet or steel-blue crystals melting at 275^^ and boiling at 347°^^^®; the 
contrast to the colourless hexaliuoride boiling 328^^ lower, is remarkable; 
but as regards the boiling-point it may, be pointed out that this means an 
average rise of 55° for each replacement of F by Cl, and the corresponding 
value for the methyl compounds is - 24°—( — 78°) — r>4°, and for the 
ethyl +13° —( — 32°) ™ 45°. The change of colour is more remarkable: 
it is possible that it is something like the effect produced by several 
bromine or still more iodine atoms attached to the same atom, as in 
iodoform: but if so it is curious that no su(di effect is noticed in the 
hexachloro- or even the octachloro-anioiis of complex salts. 

The vapour is slightly dissociated even at the boiling-point, the vapour 
density (to Hg — 1) being 190*9 at 350°, and 168*8 at 440°: theory for 
WCle 198*4. The liquid is practically a non-conductor: conductivity 
2 X 10-6 at 280°. 

O. Ruff, F. Eisner, and W. Heller, Z. anorg. Chem. 1907, 52, 256. 

^165 o. Ruff and F. Aseher, ib. 1931, 196, 413. 

P. Henkel and W. Klemm, ib. 1935, 222, 67. 

ii56« Priest and W. C. Schumb, J,A,C.S. 1948, 70, 2291. 

1167 Pqj. recent details see A. J. Cooper and W. Wardlaw, J,C.S. 1932, 636. 

J. A. A. Ketelaar and G. W. van Oosterhout, Rec. Trav. 1943, 62, 197. 

116* Id. and P. B. Braun, ib. 597. 

iieo y, Q, Ewens and M. W. Lister, Trans. Far. Soc. 1938, 34, 1358. 
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The compound is easily soluble in CSg, ether, chloroform, and CCI4, 
giving red-violet solutions. It is only slowly attacked by air, and by 
water only above 60°; it is very readily converted into the oxychlorides. 

Tungsten Hexabromide 

This compound so far as it is known closely resembles the hexachloride. 
It can be made by passing bromine vapour in nitrogen over warmed 
tungsten,and sublimed as blue-black needles fuming in the air. It 
decomposes even on gentle heating, so that the vapour density is unknown. 
Water converts it into the blue oxide, but aqueous ammonia gives a 
colourless solution presumably of the tungstate. 

It seems^^®^ that mixed hexahalides WCl^Brg„^ occur. 

Molybdenum Oxyfluorides^^^^ 

There are two of these with hexavalent molybdenum, MoOF^ and 

MoOgFa* 

M 0 OF 4 is best made by the action of HF on MoOCl 4 .^^®^ It forms 
colourless crystals, m. ])t. 97°, b. pt. ca. 180°. It is very hygroscopic anci 
deliquescent, and turns blue in contact with air owing to its- reduction by 
the dust. It gives a colourless solution in water, which on evaporation 
leaves the trioxide M 0 O 3 behind. 

MoOgFg. This is made in the same from HF and Mo 02 Cl 2 - It 

is colourless, stable to water, giving a colourless solution in AsVA^ and in 
SiCl 4 , but insoluble in toluene and practically in ether. 

Tungsten Oxyjluoride 

Only WOF 4 is known for certain. It is made from HP and the chloride 
WOCI4, or by the action of lead fluoride on the trioxide WO3. It melts at 
110 °, and boils at 185°.^^®^ It forms white crystals, insoluble in CCI4, 
slightly soluble in CS 2 and benzene, and easily in chloroform. It is very 
hygroscopic, and when exposed to moisture soon begins to deposit yellow 
tungstic acid H 2 WO 4 . It attacks metals when warm, turning blue in the 
process. 

The other oxyfluoride WO 2 F 2 has never been isolated but may be 
present, mixed with some WOF4, when this last is treated with a little 
water.^^®^ When PbF 2 is heated with even a large excess of WO3 no 
WOgFg can be isolated, so that evidently if it is formed in this reaction 
it is wholly converted at a red heat into W 03 -f-W 0 F 4 . 

H. A. Schaffer and E. F. Smith, J.A.C.S. 1896, 18, 1098. 

E. Defacqz, CM. 1899, 129, bU;Ann. Chim. Phys. 1901, [7] 22, 250. 

1163 Eqp earlier references to the (mostly old) work on the oxyhalides of hexavalent 
molybdeniun and tungsten, see Gmelin, ed. 8, Molybdenum, p. 151, etc.; Tungsten, 
p. 167, etc. 

O. Ruff and F. Eisner, Ber. 1907, 40, 2931. 

O. Ruff, F. Eisner, and W, Holler, Z. anorg. Chem. 1907, 52, 256. 
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Molybdenum Oxychloride 

While WOF4 is certain, and WO2F2 doubtful, the reverse is the case 
with the oxychlorides of molybdenum: there only MoOgClg, is certain. 

M0OCI4 is supposed to be the product of the action of chlorine on 
partially reduced M0O2 (this is the material used for making M0OF4), but 
it is likely that this is really a mixture of M0CI5 and Mo02Cl2-^^^® 

M0O2CI2 is formed by passing chlorine over hot dry molybdenum 
dioxide.^^®^ The reaction begins at 500 '', and is rapid at 700 ''.^^®® The 
compound is fairly volatile, and melts only under pressure. It is easily 
soluble in and hydrolysed by water. A variety of more complicated 
halides with 2 and 3 atoms of molybdenum in the molecule have been 
described. 

A possible hydrate M0O2CI2T which should perhaps be written 

M0O3, 2 HCl, is made by heating M0O3 150 - 200 '' in dry hydrogen 
chloride gas.^^®^ It sublimes easily, and as it is easily made is a convenient 
substance to use as a starting-point for the preparation of other molyb¬ 
denum compounds. It forms white or pale yellow crystals, easily soluble 
in water, alcohol, ether, and acetone; the aqueous solution on evaporation 
leaves M0O3 ? ether and acetone the molecular weight is nearly normal, 
but in alcohol there is some dissociation. 

The structure of this substance is uncertain; H 2 I M 0 O 3 CI 2 ] seems an 
improbable formula because ( 1 ) the substance does not behave as an acid, 
and no salts of it are known, and ( 2 ) if it were^ a strong acid it would need 
some water to hydrate the hydrogen ions. The formula 0—Mo(()H) 2 Cl 2 
seems on the whole the most likely, especially if the substance is really 
not dissociated in ether and acetone. 

Tungsten Oxychlcnides 

One difference between molybdenum and tungsten is that the latter can 
take up more chlorine and bromine atoms than the former, and this 
difference persists in the oxychlorides, dust as we have WCIq and WBr^, 
but no corresponding molybdenum compounds, so we have WOCI4 and 
WOBr 4 , while M 0 OCI 4 is doubtful and MoOBr 4 quite unknowfi. 

The two oxychlorides WOCI 4 and WO 2 CI 2 are always formed together, 
and can be separated by means of the greater volatility of the former; 
but whenever the mixture is distilled, there is a certain loss of the dichloride 
through its disproportionation: 

2 WO 2 CI 2 - WO 3 i WOCl j. 

See I. Nordenskjold, Ber, 1901, 34, 1575. 

O. Ruff and F. Eisner, ib. 1907, 40, 2933. 

W. Kangro and R. Jahn, Z. anorg. Chem. 1933, 210, 327. 

See A. Werner, ib. 1895, 9, 407,* A. A'andenberghe, ib. 10, 52. 

According to A. V. Koniandin and D. N. Tarasenkov (J. Gen. Chem. Russ. 
1940, 10, 1333) a stream of 3 1 ^ 2+2 CI 2 passed over WO 3 for 1 hour at 540"^ gives 
mainly WOjClj but some WOCI 4 ; the reaction 2 WOCI 4 f-WOa (rever¬ 

sible) begins at 240’’. 
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WOCI4 is formed^^'^"^ by the action of oxygen or moisture on WCl®; 
by passing moist chlorine over tungsten; or from WO 3 by treatment 
with PCI5, with CCI4, or with WCle vapour. It melts at 209° and boils at 
233°. Its heat of fusion is said to be 1*44 k.cals. and that of evaporation 
16*84 k.cals.^^’^ If this last figure is correct, the Trouton constant has the 
enormous value of 33*2. The vapour density is nevertheless normal at 
350° and at 440°. The substance is practically a non-conductor of elec¬ 
tricity. 

It reacts violently with water to give WO3. 

W 02 Cl 2 .^^’*'^’ Yellow crystals, melting at 265° and volatile on further 
heating: stable in moist air and only slowly hydrolysed by water. 

Tungsten Oxyhromides 

WOBr 4 . Made by the action of bromine on a mixture of WO 3 and 
carbon, or of WO 2 and tungsten. It is very like the chloride: brownish- 
black crystals, m. pt. 277°, b. pt. 327°. It is very hygroscopic and decom¬ 
poses easily in air. 

W 02 Br 2 . Made in the same way as WOgClg, for example by passing 
a mixture of air and bromine vapour over red-hot tungsten. It is a red 
or yeUow substance, infusible, and less volatile than W()Br 4 . If it is 
rapidly heated it is converted into W() 3 +WOBr 4 . It is only slowly acted 
on by cold water, 

Molybdenmn Trioxide^ M 0 O 3 

This is the stablest oxide of molybdenum, and so is the final product 
of the ignition of the element or its oxides or sulphides, or other com¬ 
pounds, in air, or of their oxidation by nitric acid. It is a white powder, 
which turns yellow on heating, and melts at 795° to a dark yellow liquid: 
the colour disappears again on cooling. It has a perceptible vapour 
pressure even below its melting-point (0*30 mm. at 700°), and boils at 
1,155°. The crystal structure has been examined by Wooster^the 
oxygen atoms form distorted octahedra round the Mo atoms. 

M 0 O 3 is insoluble in water, but soluble in alkaline solutions, including 
ammonia and alkaline carbonates, to form molybdates, such as M 2 [Mo 04 ]: 
it can scarcely be called an anhydride of molybdic acid since it will not 
form it with water. 

Hydrogen reduces it at temperatures between 300° and 470° to M 0 O 2 , 
and above 500° to the metal. 

1171 p Smith and V. Oberholzer, Z, anorg. Chem, 1894, 5, 65. 

E. F. Smith and H. Fleck, J.A.G.S, 1899, 21', 1008. 

K. Lindner and A. Kohler, Ber. 1922, 55, 1461. 

1174 Reinders and J. A. M. van Liempt, Rec. Trav. 1931, 50, 997. 

O. Ruff, F. Eisner, and W. Heller, Z. anorg. Cimn. 1907, 52, 267. 

C. Friedheim, W. H. Henderson, and A. Pinagel, ib. 1905, 45, 397. 

G. Jander and D. Mojert, ib. 1928, 175, 272. 

N. Wooster, Z. Krist. 1931, 80, 504. The distances are: Mo—O 1*90 to 2*34; 
0—0 2*75 to 3*75 A. 
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Tungsten Trioxide^ WO3 

This resembles M0O3 is the final product of heating tungsten 

and its compounds in the air. It is a lemon-yellow powder, orange when 
hot, and melting at 1 , 473 '' to a green liquid^^’^; its boiling-point is above 
1 , 750 °. Its crystal structure resembles that of It is completely 

volatile in chlorine at 500 °, presumably being converted into the oxy¬ 
chloride. It is quite insoluble in water, but dissolves in alkahne solutions 
to give tungstates. Hydrogen reduces it according to the temperature to 
the blue W4O11, WO2, or metallic tungsten. A solution of chlorine in CCI4 
in a sealed tube at 200° converts it into WOCJ4, and at 280 ° into WCl^. 
It is insoluble in concentrated H2SO4 or HNO3, or dilute HCl: it is almost 
unattacked by HF. 

Molybdenum Trisulphide^ M 0 S 3 

This can be made from a molybdate solution by saturating it with HgS, 
which converts the salt into the thiomolybdate M2[MoS4]: from this HCl 
precipitates the trisulphide M0S3 as a dark brown solid, which easily goes 
over (like AS2S3) into a colloidal form. On heating it changes ineversibly 
into M0S2 sulphur.jf, jg soluble in alkalies, and especially in 
alkaline sulphides, including (NH4)2S, with which it reforms the thio- 
molybdates. 

A persul])hidc MolS4 made by the action of H^S in excess on a 

molybdate solution: it is a brown powder like the trisulphide. 

A triselenide MoScg is also known: in general it may be said that the S 
in the thio-derivatives of Mo (or W) can be replaced by Se but not by Te. 

Tungsten Trisulphide, WS3 

This is made in the same way by the action of HCl on a solution of a 
thiotungstate M2WS4. It is a black powder slightly soluble in cold water, 
and more in hot. It very readily goes over into a colloidal form, even on 
washing with water. If it is heated in the absence of air it is converted 
into WSg, and in presence of air into WO3. 

A similar selenide is known. 

It is obvious that the trisulphides of the two elements, like the trioxides, 
are extremely similar. 

Molybdic Acid and the Molybdates 

Molybdic acid—and the same is true of tungstic acid—has an enormous 
power of condensation* and polymerization, not only with itself, but with 
a variety of other acids. 

* Condensation means the combination of two or more molecules with loss of 
water: polymerization the same, but without loss of water; with many of these 
complex acids the formation can be described by either term, according to whether 
we regard the acid as made up from tlie simple acid or its anhydride the trioxide. 

F. M. Jaeger and H, C. Germs, anorg. Chern, 1921, 119, 149. 

1^80 H. Brakken, Z. Krust, 1931, 78, 487. Each W is surrounded octahedrally by 
6 Os: W-^0 - l-8(i to 1-91 A. 
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Molybdic Acid 

The free acid H 2 [Mo 04 ],H 20 forms yellow crystals, which separate 
slowly from a solution of a molybdate in concentrated HNOg: the yellow 
deposit often seen in bottles of ammonium molybdate solution for analyti¬ 
cal purposes consists of this acid.^^®^ On gentle warming, even in contact 
with the solution, it is converted into the anhydrous acid H 2 M 0 O 4 , fine 
white needles occurring in two modifications which look alike, but differ 
in many properties especially in the ease with which they lose water. 

Molybdic acid dissolves in water up to about 1 g. in the litre at 18®. 
The aqueous solution reddens litmus and seems to be fairly strongly acid, 
but determinations of the dissociation constant vary very much, probably 
from the substance going over to the colloidal state.* 

The acid is, of course, reduced under various conditions to various lower 
valencies. 

Like boric acid molybdic acid combines, })robably to form ring-com¬ 
pounds, with sugars, as is shown by its effect on their rotatory power.^^®^ 

Molybdates 

Simple molybdates of the type M 2 M 0 O 4 are known, but the tendency 
to condensation is so great that they only separate from solutions contain¬ 
ing a large excess of alkali; most known molybdates are poly molybdates, 
even the familiar ammonium molybdate. In Ag 2 Mo 04 the Mo—O distance 
was found by Donohue and Shand^^®^ to be 1'83, 0*17 A less than would 
be expected; they quote these similar instances (among others) of a 
shortening of the A—0 distance in AO4 ions: A 8 O 4 0 * 10 , VO4 0 * 22 , IO4 
0* 15: see above, p. 914. Jander^^®® using the rate of diffusion as a measure 
of the molecular weight (not a very certain method) claims to have shown 
that with diminishing alkalinity of the solution the molybdate ions pass 
through separate stages with 1 , 3, 6 , 12 , and 24 Mo atoms in the molecule. 

The total number of known molybdates (even excluding for the present 
those which contain other acids as well) is very large, and examples are 

* There is a danger that those acids when precipitateti carry down with them 
some of the precipitating acid. 

1181 Pqj. system WO®4 W see O. Glemsor and H. Sauer, Z, anorg, Gfiem. 1943, 
252, 144. 

1182 w. Biltz and A. Kocher, Z. anorg. Chem. 1941, 248, 172. 

L. Moser and K. Atynski, Mon. 1925, 45, 241. 

According to V. Auger {C.R. 1938, 206, 913) this deposit usually contains 
NH 3 , and owes its yellow colour to traces of silicomolybdate from the glass. He 
finds, however (ib. 207, 1213), that there is a brownish-yellow labile form of 
H2M0O4. 

A. Rosenheim and I. Davidsohn, Z. anorg. Chem. 1903, 37, 316. 

1186 w. F. Jakob and W. Koslowski, Rocz. Chem. 1929, 9, 667; G. Canneri, Gaz. 
1930, 60, 113; P. Krumholz, Z. anorg. Chem. 1933, 212, 97. 

G. Tanret, C.R. 1921, 172, 1363; E. Darmois and J. Martin, ib. 1930, 190, 
294; Z. Soubarev-Chatelain, ib. 1935, 200, 1942. 

G. Jander and A. Winkel, Z. physikal. Che7n. 1930, 149, 97 ; G. Jander, K. F. 
Jahr, and W. Heukeshoven, Z. anorg. Chem. 1930, 194, 383. 
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known containing, to every two monovalent M atoms, 1 , 2 , 2 J, 3, 4, 6 , 8 , 
10 , and 16 M 0 O 3 groups in the molecule. Various classifications have been 
proposed, but none of these are of much value unless we have the corre¬ 
sponding X-ray data.^^®^ The simpler molybdates have been examined 
in detail by Hoermann^^^® together with the con-esponding tungstates. 
He shows that double molybdates, and also double tungstates with two 
different alkali metals, are common, but that double molybdate-tungstates 
are rare. The alkalies Li, Na, and K nearly always give salts with 1 , 2 , 3, 
and 4 M0O3 example, Na 2 Mo 40 i 3 ): the melting-points of the simple 
anhydrous salts R 2 [Mo 04 ] are Li 705°; Na 687°; K 926°. The para- 
molybdates have been definitely shown to be M 3 [Mo(Mo 6024 )], 4 
the paratungstates are similar (see p. 1041). 

Tungstic Acid 

Free tungstic acid occurs in two forms, a yellow, which is precipitated 
on addition of acid to a hot solution of a normal or j)ara-tiingstate, and 
a white one, which is precipitated in the cold. 

1 . The yellow form has the composition H 2 WO 4 , is crystalline, and is 
almost insoluble in water, its solubility being at the ordinary temperature 
about 1*5 X 10”® equivalents (3*75 mg.) per htre.^^^'^ It is soluble in HF, 
and slightly soluble in concentrated HOI. 

2 . The white form, which is precipitated in the cold if enough HCl is 
added to the tungstate solution, is white or pale yellow, and very volu¬ 
minous: its composition approaches H 2 W 04 ,H 20 . This has been shown 
to be really crystalline.It is soluble in water, and is said to give the 
solution an acid reaction, but this is largely due to the release of adsorbed 
mineral acid. It has a strong tendency to pass into a coHoidal state. It 
is unstable, and with concentrated acid, or even with water, especially if 
it is warmed, it goes over into the yeUow form. 

Tungstates 

The salts of tungstic acid, like those of molybdic, have very variable 
proportions of acid and base.^^^^ We can distinguish three kinds: 

1 . Normal tungstates M 2 WO 4 . 

2. Metatungstates commonly written M 2 W 40 i 3 ,a;H 20 , but more cor¬ 
rectly M 6 [H 2 Wi 204 o],a:H 20 (see below). 

See A, Rosenheim and J. Felix, ib. 1913, 79, 297; G. Jander et al., ib. 1930, 
194, 383; Gmelin, Molybdenum, pp. 114-29. 

F. Hoermarm, Z. anorg. Chem. 1928, 177, 145. 

J. Donohue and W. Shand, J,A.G.S. 1947, 69, 222 . 

J. H. Sturdivant, J.A.C.S. 1937, 59, 630. 

A. J. Rabinovitsch and V. A. Kargin, Z. physikaL Chem, 1931, 152, 26. 

H. C. Burger, Z. anorg. Chem, 1922, 121, 241. 

1196 jTor further information on tungstates and suggestions of possible structures, 
see the following: G. Jander and W. Heukeshoven, Z. anorg, Chem. 1930, 187, 60; 
A. M. Morley, J.C.S^ 1930, 1987; K. F. Jahr and H. Witzmann, Z. anorg. Chem. 
1932, 208, 146; R. H. Vallance and E. C. K. Pritchett, J.C.S. 1934, 1686. 
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3. Para-tungstates, with still more complicated formulae, formerly 

written 5 MgO, 12 W 03 ,a;H 20 , but more correctly 3 M 20 ,7 W 03 ,a:H 20 , 

The separation of the alkaline tungstates, both from water and from the 
fused melt, has been examined by Hoermann.^^®^ They vary in composi¬ 
tion from M 20 ,W 03 to M 2 O, 4 WO3. The melting-points of the simple 
tungstates M 2 WO 4 are: Li 742°, Na 700°, K 921°. Of the ordinary sodium 
salt, Na 2 W 04 , 2 HgO, from which most of the compounds of tungsten 
are derived, 73 g. will dissolve in 100 g. water at 21°. 

The meta series are very different from the other two; for example, 
they do not precipitate the free acid with hydrochloric acid, as (1) and (3) 
do, since metatungstic acid is soluble in water. 

It has been pointed out^^^^ that the metatungstates have the structure 
of a hetero-poly-acid, with the hetero-group replaced (in the formula, but 
not necessarily in a stereochemical sense) by H 2 , to judge by the following 
examples of isomorphism: 

KdH^W.^O^oJ, 18 H 2 O K4[SiWi20,o], 18 ILO 
Ba3[H2W,2(),o] 27 H 2 O Ba^.dBW.^O.o], 27 H^O 

24 H 2 O H3LPW,204o], 24 ILO 

Again, the pentahydrates of H 5 BWi 204 o,H 4 SiWi 204 o and of metatungstic 
acid H 6 IH 2 W 12 O 40 ] are all isomorphous with H 3 PW 12 O 40 ,5 HgO, the 
structure of which is known. All these acids give similar CS 3 salts in spite 
of their different basicities, so that the packing is of primary importance. 
The correctness of this view has been definitely established by the X-ray 
examination of metatiingstates by Signer and Gross^^®^ and Santos, 
which has shown that they have the structure of a 12 Mo heteropolyacid 
but with the central ‘hetero’ group left out. 

The para-tungstates (like the para-molybdates) have been written both 
as 5 M 2 O, 12 W 03 ,a:H 20 and as 3 MoO, 7 W 03 ,yH 20 , which can scarcely 
be distinguished analytically unless M is heavy. The latter composition 
is supported by the analysis of a triethanolamine paramolybdate deriva¬ 
tive,^^®’ and established by Sturdivant’s X-ray measurement of the ceU 

H. Copaux, Ami. Chim. Phys. 1909, [8] 17, 245; 1912, 26, 22; see also A. 
Rosenheim and F. Kohn, Z. anorg. Chem. 1911, 69, 247; A. Rosenheim, ib. 1912, 
75,141. 

F. Garolli and A. Tettamanzi, Afti Acad. Sci. Torino^ 1936, 70, 382 (Chem. 
Ahatr. 1936, 7864). 

Gmelin, Handbiich, ‘Molybdenum’ (1935), x)p. 312-93; ‘Wolfram’ (1933), 
pp. 324-96. 

L. Pauling, J.A.G.S. 1929, 51, 1010. 

1200 G. Canneri, Qaz. 1926, 56, 642, 871. 1201 Fernandes, ib. 666. 

1202 G. Jander, D. Mojert, and T. Aden, Z. anorg. Chem. 1929, 180, 129. 

1208 Rosenheim, J. E. Koch, and N. Siao, ib. 1930, 193, 47; Rosenheim and 
A. Wolff, ib. 64. 

1204 J Y. Keggin, Naturey 1933, 131, 908; Proc. Roy. Soc. 1934, 144, 76. 

1 *®* R. Signer and H. Grose, Helv. Chim. Acta, 1934, 17, 1076. 

J. A. Santos, Proc. Roy, Soc. 1936, 150, 309, 
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dimensions and density of the ammonium salt (NH 4 ) 6 [Mo(Mo 6024 )], 
4 H 2 O, with a central molybdenum atom. 


Hetero-poly’acids 

The discovery of this enormous group of compounds was due to Marignac, 
who in 1861 found that silicic acid wdll dissolve in tungstic acid to give 
crystalline compounds. Hetero-poly-acids in the widest sense are compli¬ 
cated structures, in which two or more kinds of highly oxidized acid 
residues take part. For ]:)ractical purposes we can distinguish two classes 
of these: ( 1 ) those in which the two kinds of radicals are represented to 
more or less the same extent, and are relatively few in the molecule, as 
in the salt K./),T 205 , 2 Mo 03 ,H 20 ; these are produced by an enormous 
number of oxyacids; ( 2 ) those in which a large number—usually 6 , 9 , or 
12 —^residues of one kind, which is almost always either molybdic or 
tungstic acid, are combined with a single residue of another acid, which 
may be any one of a large number of oxyacids including those of B, Si, 
Ge, Ti, Zr, Th, P, V, As, and Mn. It is this second class which is generally 
understood by hetero-poly-acids, and it is with these that we are mainly 
concerned. The most frequent have one residue of boric, phosphoric, 
arsenic, or silicic acid, combined with 6 , 9 , or 12 WO 3 or M 0 O 3 —some¬ 
times 8 , but never more than 12 ; when the single residue is that of telluric 
or j)eriodic acid the number is usually 6 . They are practicaUy always 
hydrated, usually with large numbers of water molecules, which, however, 
are perfectly definite: thus one has 29 H 2 O, which can be shown not to 
be 28 or 30. The reasons for these numbers are, of course, steric. Some 
of the more important papers on the hetero-poly-acids are quoted 

below.ii»8-i207 

It ma}^ be mentioned that reference is a classification of hetero¬ 
poly-acids in general and a suggested assignment of structures to the various 
types, on theoretical principles; ^204 ^n X-ray study of the 12-pho8pho- 
tungstates; and ^205 a^^d ^200 are X-ray studies of the 12-silico- and 12-boro- 
tungstates, and of metatungstic acid. 

The structures assigned to these compounds in a great deal of the earlier 
work are very speculative. The theoretical ideas of Pauling^^®® were of 
fundamental impoitance: in particular he showed that the various acid 
residues must all be united through oxygen atoms; see further .^210 
fact is that these molecules are too complicated for it to be possible to 
assign structures to them until we have the X-ray evidence. This has, 
however, now been provided^204-6 foj, several acids, which are nearly all 
tungstic, but it is obvious that the molybdates are built on the same lines. 
As an example of the complications involved, it may be mentioned that 

G, Jander, Z. physikaL Chem. 1940, 187, 149. He gives a general review of the 
hetero-poly-acids, and also discusses their dialysis co-efficients. 

1208 Yor a description of the structures with diagrams, see Wells, S.LC., pp. 341-2. 

J. S. Anderson, Nature, 1937, 140, 860. 

^210 E. H. Kiesenfold and M. Tobiank, Z, anorg, Chem. 1935, 221, 287. 
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Hetero-poly-acids 

Keggin^^®^ worked out the structures of the two hydrates of l 2 -phospho- 
tungstic acid, H 3 rWi 204 o, 5 and 29 HgO (see further refs. 1211 - 12 ^ These 
give us the clue to the general lines on which all these hetero-poly-acids 
are built up. It is clear that the unique radical—say the PO 4 in a phospho- 
tungstate—occupies the centre, the P atom being surrounded tetrahedrally 
by 4 oxygen atoms. On the 6 edges of this tetrahedron are then disposed 
in some way the 6 , 9, or 12 M 0 O 3 or WO3 groups. 

As to the rest of the structures we may consider (1) the 12-acids, and 
( 2 ) the 6 -acids. 

In the 12 -acids the unique atom—say the phosphorus in a phospho- 
tungstate—occupies the centre, being surrounded tetrahedrally by 4 
oxygen atoms. Each of these is attached to 3 tungsten atoms which form 
a W 3 O 10 group. In each of tlie four W 3 O 10 groups every W atom is 
surrounded by 6 oxygen atoms, (1) the oxygen atom of the PO4 group, 
(2) an oxygen atom not otherwise linked, (3) two oxygen atoms shared 
with another tungsten atom in the same W 3 O 10 gi'ou}), and (4) two oxygen 
atoms shared with tungsten atoms from two of the other W 3 O 10 groups, 
to form a closed network (these last atoms are barred ( 0 ) in the diagram). 
The whole 12 tungsten atoms of the grou[) occupy the corners of a cubo- 
octahedron. 


O 

0 



.I \0 ■••• 

o 


The G-acids are derived from central atoms which have a characteristic 
co-ordination of 6, such as iodine and tellurium, for example, inM 5 [I(M 6024 )j 
(compare the paramolybdates and paratimgstates, e.g. M 6 [Mo(Moe 024 )]). 
Anderson^^®'*^ suggests that the octahedral WOe groups share edges to form 
a ring, the central cavity holding the nuclear hetero-atom by means of 6 
inwardly directed (and octahedrally arranged) oxygen atoms. 

For the heteropoly acids with intermediate numbers of molybdenum or 
tungsten atoms ( 8 , 8 i,... up to 11 ) per central hetero-atom, Pauhng suggests 
that the ion is binuclear, the molybdenum or tungsten groups forming a 
correspondingly larger polyhedron, capable of holding both XO 4 groups. 


Thiomolybdates 

The oxygen atoms in the molybdates can be replaced successively by 
sulphur, and the whole series of individual compounds from M 2 M 0 O 4 to 
M 2 M 0 S 4 are known.^^^^ Even a perthiomolybdic acid H 2 M 0 S 5 , correspond- 

A. J. Bradley and J. W. Illingworth, Proc. Boy. Soc, 1936, 157, 113. 

^212 O. Krana, Z. Krist. 1939, 100, 394. 

J. W. Retgers, Z, physikaL Che?n. 1892, 10, 548. 
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ing to permolybdic acid and obviously from its behaviour having a 
—S—S— Unking, has been prei)ared.^2^^ 

Thiotungstates 

All the possible members of the series are known, M 2 [W 038 ], M 2 [W 02 S 2 ], 
M 2 [W 0 S 3 ], and M 2 [WS 4 ]; the last one on treatment with acids precipitates 
WS3. The position is exactly the same as with molybdenum. 
Corresponding selenium compounds, as 

and (NH 4 ) 2 [WSeJ 

are known .^216 

Fluor oniolybdates 

A whole series of compounds in which one or more of the oxygens in 
molybdic acid are replaced by fluorine were elucidated by Werner. 
They are of the five types below: 

O 3 ] r O 2 ] r O 2 ] r O 3 ] r o^' 

M 2 Mo^' M 2 Mo^ Mg Mo^‘ M 3 M 3 Mo'^' 

FgJ F3J fJ fJ F3. 

(I) (11) (HI) (IV) (V) 

Examples of these salts are: type I, NH 4 ; type II, NH 4 , K, TV ; type III, 
NH 4 , Na, K, Tl', Cd, Zn, Ni, Co", Cu"; type IV, NH 4 ; type V, NH 4 . 

Their isomorphous relations with other complexes illustrate the depen¬ 
dence of the crystal structure on ionic tyjie and size rather than on the 
nature and valency of the central atom. Isomorphism has been estab¬ 
lished in the following groups (sec Gmelin, Mo, ]). 153). 

(1) (NII 4 , Tl') (2) Monoclinic (3) Monoclinic 

M2[Movi02F4] K2[Mo^i02F4];H20 CuLMovi02F4], 4 H 2 O 

M2[Wvi02F4] K2[W-02F4l,Ho0 CalW-OgF^], 4 11 

MgLMovOFs] K2 [Mov0F5],H2O Cu[MovOF 5 ], 4 EgO 

MaLNbvQFs] K2rNb-0F5],H20 CuLNU^OF^], 4 HgO 

Cu[Xi^F6], 4 H 2 O 
(X- Si, Ti, Sn.) 

(4) Hexcigonal (5) Regular 

MlMovi 02 F 4 ], 6 HgO (NH 4 ; 3 [Mo- 03 F 3 ] 

M'IMqvOF,], G HgO (NH4)3[Wvi03F3l 

MlNbvQFJ, G HgO 

MIX-FJ, G H.,() (NH4)3[x\bvOFG] 

(NH 4 ) 3 [ZrivF,] 

Fluorotungstates 

Several series of these are known: they are made by dissolving tungstates 
in HF. The main types are Mo[W 02 F 4 ] (the commonest), M[W 02 F 3 (H 20 )], 
and M 3 [W 03 F 3 ].i 21 ’ 

'214 K. A. Hofmann, Z. anorg, Chem. 1896, 12, 60. 

'21® V. Lenher and A. G. Fruehan, J.A.C.S. 1927, 49, 3076. 

1216 Jsleuere Anschauungen^ ed. 6, p. 146. 

See Gmelin, Wolfram’, p, 158. 
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Permolybdates 

Acid solutions of molybdates when treated with hydrogen peroxide turn 
yellow or orange, and yield coloured salts which have the typical reactions 
of H 2 O 2 , and obviously contain hexavalent molybdenum combined with 
peroxide —0—0— groups. The simplest of these have the composition 
M 2 M 0 O 5 , but other simple tyj)e 8 , such as MgMoOg and M 2 MoOg are known; 
and all these acids have the same tendency as the parent molybdic acid 
to condense, so that many of the salts are liighly complex. 

In one case the free acid is known ; H 2 M 0 O 5 , 1*5 HgO is made by 
treating M 0 O 3 with H 2 O 2 , filtering the deep yellow-red solution, and 
evaporating in vacuo.^^^^ It forms a yellow powder which, unlike per- 
chromic acid, is insoluble in ether. 

The salts,which are numerous, seem by their colours to belong to 
two classes; ( 1 ) yellow, as NagMoOg, and ( 2 ) red, as in the numerous 
salts^^^® MgMoOg, which are explosive. 

Pertungstates 

Tungsten trioxide and the tungstates behave with hydrogen peroxide 
just like the molybdenum compounds.^^*^*^ 

Recent work shows that the per-acids of tungsten are among the stablest 
per-acids known^'^-^ (tungsten being the heaviest element, apart from the 
eccentric uranium, of an even group) though like all per-acids they slowly 
lose oxygen. 

Further investigation shows^“^^"^ that with monotungstates, when the 
hydrogen peroxide is weak, colourless monobasic ions with 2 atoms of 
active oxygen are formed: 

[WOJ- + 2 H 2 O 2 IHWOg]" + OH- + H 2 O. 

If the H 2 O 2 is stronger, the yellow ion with 4 active 0 atoms is got: 

[WOJ"" I 4 H 2 O 2 [WOe] " + 4 H 2 O. 

Hexatungstates only give the colourless [HWOgj^ ions: 

[HWeOaif- t HA ^ b [HWO^]” r 9 H 2 O f 

Molybdenyl Sulphate 

It is a sign of the stability of the oxy-salt or ‘yl’ salt type in this 
subgroup that even hexavalent molybdenum is able to adopt it, and in 
a form XO 2 otherwise practically confined to uranium. There are signs, 
however, that this form is less stable with tungsten, although it reappears 
with uranium. Molybdic acid is soluble in sulphuric acid, and this is one 

1218 Muthmann and W. Nagel, Ber. 1898, 31, 1830. 

K. Gleu, Z, anorg. Chem, 1932, 204, 67; A. Rosenheim, M. Hakki, and Q. 
Krause, ib. 1932, 209, 175; N. J. Kobosev and N. N. Sokolev, ib. 1933, 214, 321. 

A. Rosenheim, M. Hakki, and O. Krause, Z. anorg. Chem. 1932, 209, 202. 

K. F. Jahr and E. Lother, Ber, 1938, 71, 894. 

Id., ib. 903. ^*23 ib. 1127. 
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of the few points that distinguishes it from tungstic. The fact has been 
used to separate the two, by dissolving out the M0O3 in a mixture of 
Se02Cl2 and 112804.^^^^ From the solution of molybdic acid in H2SO4 
various compounds can be separated, but the simplest is the ‘ yl' sulphate 
Mo 02S04.^22^ It is very hygroscopic and decomposes on heating. If it is 
exposed to dust it is superficially reduced and turns blue. 

A similar selenate Mo02Se04 has also been obtained. 

Substituted Tungstic Acids 

Many derivatives are known of both molybdic and tungstic acids with 
organic acids, especially oxy-acids, such as citric, mucic, salicylic, gallic, 
etc., all or most of which owe their stability to the fact that they contain 
chelate rings. 

An interesting series of these is that of the catechol compounds^^^’"®; the 
acidity of catechol is so weak that they must owe their stability to chela¬ 
tion. They are mainly of two types M2[W03cat(H20)] (M NH4, Tl'), and 
two similar kinds (NH4)2[W02cat2],H20 and (NH4)H[W02cat2]. 

Molybdenum Blue 

This is a substance or group of substances about which there has been 
much discussion. It clearly contains molybdenum in two valency states, 
of which one is vi and the other probably y. 

The first product of the reduction of molybdenum trioxide is commonly 
a blue substance known as motybdenum blue (discovered by Berzelius in 
1826 ). It is probable that there are several distinct substances included 
under this name^^^®; they are stable only when they contain water as well 
as Mo and 0 , One formula which seems often to satisfy the analyses is 
Mo308,a;H20 or perhaps more exactly Mo8023,xH20.^23® All sorts of 
reducing agents will produce these substances, Cu and HCl, Zn, Al, Fe, 
hydrazine, H2S, etc.; they can also be made by the oxidation of penta- 
valent molyodenum, or air or diluted nitric acid. The solid substance is 
nearly black, but it is very soluble in water to form a deep-blue solution, 
which, as its X-ray pattern suggests, is probably colloidal.^^^® It forms 
compounds with various acids, such as phosphoric, and also with bases, 
including the alkalies; the products are always complicated in composition, 
and often coUoidal. For possible structures see reference 

122 * H. B. Merrill, J.A.C.S, 1921, 43, 2383. 

^225 J, Meyer and V. Stateczny, Z, anorg. Chem, 1922, 122, 19. 

E. Wendehorst, ib. 1928, 176, 233. 

*227 L. Fernandes, Gaz, 1926, 55, 434. 

1828 Weinland, A. Babel, K. Gross, and H. Mai, Z, anorg. Chem. 1926, 150, 177. 

*222 See further M. Guichard, CM. 1900, 131, 389, 419; V. Auger, ib. 1936, 202, 
1180; V. Auger and X. Ivanov, ib. 1937, 204, 1424, 1815. 

1230 Schirmer, L. F. Audrieth, S. T. Gross, D. S. McClennan, and L. J. 

Seppi, J.A.C.S. 1942, 64, 2643. 

1281 w. D. Treadwell and Y. Schaeppi, Helv. Chim. Acta, 1946, 29, 771. 
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Tungsten Blue 

This seems to be very similar. The gentle reduction of WO 3 or tungstates 
gives blue products, which are no doubt compounds of WO3 with Jower 
oxides, 1232 If WO3 is left in sunlight under water it turns blue. The 
formation of a blue colour on addition of stannous chloride and HCl is a 
very sensitive test for a tungstate. (See also under W2O5, p. 1049). 

PENTAVALENT MOLYBDENUM AND TUNGSTEN 
The compounds of pentavalent molybdenum are usually formed by the 
electrol3diic reduction of the trioxide. The main results of the fall in 
valency are (1) the production of colour: while the hexavalent compounds 
are usually colourless the pentavalent are usually green or red, and (2) the 
disappearance of the acidic properties of the oxide. The pentavalent 
molybdenum atom nearly always forms covalent molecules (including, of 
course, complex ions) or rarely salts of the 'yU type [MoOgjX. 

With tungsten, while there is no doubt of the existence of pentavalent 
compounds, their number is much more limited than with molybdenum; 
apart from the pentachloride and pentabromide it is confined to the 
complex salts, which very closely resemble those of molybdenum. 

Molybdenum Pentachloride 

This is the only known pentahalide of molybdenum. It is made^^as 4 
heating the powdered metal in chlorine. It consists of dark green almost 
black crystals, m. pt. 194°, b. pt. 268°, giving a dark red vapour whose 
density is normal at 350°. Electron diffraction shows^^ae M0CI5 is a 
trigonal bipyramid, with all the Mo^—Cl distances 2-27 A (theory 2-35). 
In the fused state it is practically a non-conductor, the conductivity being 
1*9x10“® at 216°.^236 If jg very hygroscopic and sensitive to moisture; 
even moist air turns the blue-black surface green; when heated in dry air 
it is oxidized to the white hexavalent oxychloride MoOoC^, while it reacts 
violently with water to give the green pentavalent oxychloride MoOC^.^^a? 
Its formation of green and conducting solutions in certain solvents is due 
to traces of moisture forming the oxychloride M0OCI3, which is green. 
If the solvents are thoroughly dried they either react, as the alcohols do, 
with evolution of HCl, or they give red solutions which do not conduct. 
The only exception is pyridine, which gives a brown conducting solution, 
but it has been shown that this is due to the reduction by the pyridine 
of the pentavalent molybdenum to tetravalent, and the formation of 
compounds of the composition M0CI4, xpy. In ether the pentachloride 
forms a black co-ordination compound M0CI5, 2 Et20. 

1232 Q Giemser and H. Sauer, Z. anorg, Chem. 1943, 252, 144, 160. 

1283 ^ Voigt and W. Biltz, ib. 1924, 133, 299. 

O. Honigschmid and G. Wittmann, ib. 1936, 229, 65. 

1236 por the magnetic properties see W. Klemm and H. Steinberg, ib. 227, 193. 

R. V. G. Ewens and M. W. Lister, Trans, Far. Soc. 1938, 34, 1368. 

P. Klason, Ber, 1901, 34, 148; I. Nordenskjold, ib. 1575. 

1238 WardJaw and H. W. Webb, J.C.S. 1930, 2100. 
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M0CI5 reacts with phenols in carbon disulphide^-^® to replace some of the 
chlorine, giving MoCl2(0 06116)3: dark red needles, insoluble in cold water, 
easily soluble in CSg and in benzene. 

Tungsten Pentachloi'ide 

This is made by heating the hexachloride, or distilling it in hydrogen. 
It forms dark green needles, m. pt. 248 °, b. pt. 276 °. It gives a greenish- 
yellow vapour, of which the density? is normal for WCI5. Its electrical 
conductivity is 0*67 x 10“® at 250 °.^^^® It is less stable in air than the 
hexachloride; it burns in air to WOCI4 (hexavalent); it is very hygro¬ 
scopic. It is hydrolysed by water, acids, or alkalies to a greenish-blue 
solution, which ultimately becomes colourless, through oxidation to WO3. 

Tungsten Pentabromide^^'^^'^ 

This is very hke the pentachloride. It is made from bromine and 
tungsten at a red heat, or by passing HBr over WClg at 260 - 300 °. It 
forms dark brown or black needles, m. pt. 276 °, b. pt. 333 ° with some 
decomposition; the vapour is dark brown. It is soluble in ether, CCI4, 
chloroform, and ligroin. It decomposes even in a vacuum to bromine 
and the lower bromides. It is hydrolysed by water to the blue oxide. 

Oxyhalides 

Pentavalent oxyhalides are unknown both with molybdenum and with 
tungsten, but complexes derived from them have been made (see below). 

Molybdenum Pentoxide 

This can be made by heating a mixture of the trioxide and the metal 
in the right proportions, or by precipitating a solution of pentavalent 
molybdenum with ammonia, when the hydrate MoO(OH)3 comes down 
and can be dried to It is a dark violet powder, insoluble in 

water, slightly soluble in sulphuric and hydrochloric acids. Its specific 
resistance at the ordinary temperature^^^^ is less than that of the dioxide 
(rxl 04 = 12 :Mo 02 31 ). 

The hydroxide MoO(OH)3^2^® which is precipitated from Mo"^ solutions 
by ammonia, is soluble to some extent in water (2 g./htre) but not in 
presence of ammonium chloride, probably because the solution is colloidal. 

'*** A. Rosenheim and C. Nernst, Z. anorg, Chem. 1933, 214, 209. 

1**0 A. Voigt and W. Biltz, ib, 1924, 133, 301. 

E. Defacqz, C.R. 1899, 128, 1233; Ann. Chim. Phya. 1901, [7] 22, 249. 

F. W. Bergstrom, J.A.C.S. 1925, 47, 2317, 2322. 

1243 YoT more recent work see E. Friederich and L. Sittig, Z. anorg. Chem. 1926, 
145, 137; W. Wardlaw and F. H. Nicholls, J.C.S. 1925, 127, 1487. The existence 
of this oxide is denied by Gmelin, but the later work quoted above, and especially 
the determination of the electrical conductivity, seem to make it certain that it 
exists. 

Friederich and Sittig, loc. cit. 


p. Klason, Ber. 1901, 34, 150. 
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Tungsten Pentoxide 

While the existence of molybdenum pentoxide is fairly well estabhshed, 
that of the tungsten analogue is very doubtful indeed. It may possibly 
occur as a sohd solution in WO3 in the tungsten blue already described, 
but it is more likely that this is a definite compound The 

so-called wolfram blue, or mineral blue, which is formed by the gentle 
reduction of WO3 or of tungstates, has a composition according to recent 
analyses somewhere between W2O5 and W40ii (= W2O5.5). Later work 
suggests that there may be a W4OH which is violet-blue, and a solid 
solution (or new compound) of this with more WO3 which is pure blue.^^^’^"^. 

Molybdenum Pentasulphide 

This is prepared by reducing a solution of ammonium molybdate in 
20 per cent, sulphuric acid with zinc until it is wine-red, which shows that 
the molybdenum is pentavalent, and then saturating with HgS. A dark 
brown i)recipitate of Mo^Ss, 3 HgO is formed. This is insoluble in water 
but soluble in acids with evolution of H2S; if it is heated in a stream of 
H2S it is converted into M02S5, 3 H2S. If carefully heated in COg it loses 
its water and becomes Mo2S5.^‘^^® 

A similar selenide exists. 

Tungsten, just as it will not form a pentoxide, will not form a penta¬ 
sulphide or a pentaselenide, although both sulphides and selenides of 
hexavalent and of tetravalent tungsten exist. 

Salts of Pentavaleyit Molybdenum and Tungsten 

These scarcely exist at all. The only salts formed by Mo"^ with acids 
are oxy- or ‘yL salts, and apparently these are only known in the sulphates. 
The existence of the simple sulphate Mo203(S04)2 is rather doubtful, 
though there is a series of double salts derived from it, such as 

(NH4)[Mo02(S04)],H20. 

In the same way pentavalent tungsten does not seem to give any simple 
salts, except that the compounds can be dissolved in concentrated 
H2SO4 or HCl to give blue solutions, which may contain such salts. But 
most likely these are complex too: the solution if saturated with HCl 
deposits the complex M2[WOCl5]. 

COMPLEXES OF PENTAVALENT MOLYBDENUM 

These are numerous and varied; the most important are (1) the oxy- 
halides, ( 2 ) the cyanides, ( 3 ) the thiocyanates, and ( 4 ) certain chelate 
organic derivatives, such as those of catechol. 

See J. A. M. van Liempt, i?ec. Trav. 1931, 50, 343, who brings forward evi¬ 
dence to show that W 2 O 5 does not exist, but that W 4 O 11 does. 

See further F. Ebert and H. Flasch, Z, anorg. Chem, 1935, 226, 65. 

1248 ^ Tarjan, Naturwiaa. 1931, 19, 166. 

L. Wohler, Z. Shibata, and K. Kunst, Z. Electrochem. 1932, 38, 811. 

F. Mawrow and M. Nikolow, Z. anorg. Chem, 1916, 95, 191. 

F. H. Nicholls, H. Saenger, and W. Wardlaw, 1931, 1443. 
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Complex Oxyhalides 

Though no free oxyhaUdes of molybdenum occur, complexes with 
fluorine, chlorine, and bromine are all known. 

Oxyfluorides 

The salts belong to various ty})es,^^*^ such as K 2 rMo 0 F 6 ],H 20 , which 
is blue. M2 [Mo^OF 5] can crystallize wdth M2[Mo'^^02F4], and similarly 
M6 [Mo''303Fi 4] with M 5 fMo^\ 306 Fii]. 

Oxychlorides 

These have been much more extensively examined, especially by 
Wardlaw and his co-workers.^ The solution of pentavalent molyb¬ 
denum is conveniently made by reducing the molybdate with a platinized 
platinum cathode (a polished Pt cathode gives Mo^^^). From this the 
oxychlorides can be made. The chief type is Mo[MoOCl 5], where M ^ NH4, 
K, Rb, py, quin, etc. These chlorides, as w^ell as the bromides, and their 
tungsten analogues, all have magnetic moments corresponding to one 
unpaired electron (and see later p. 1055 ). They have any colour from white 
to amber or green,and are soluble in water, the concentrated solution 
being reddish-brown, and changing on dilution first to orange and then to 
yellow; the cause of this became evident when the freezing-points and the 
conductivities of the solutions were measured, for both of these properties 
showed that there was practical!}^ complete hydrolysis to MCI, HCl, and 
hydrated M02O5. A similar series of salts is M[MoOCl4,H20], which is also 
green. The corresponding bromides are known in both series, and are 
even more easily hydrolysed and oxidized than the chlorides. 

Oxyhromides 

These complexes are of two types, M[MoOBr4], usually hydrated, and 
M2[MoOBr5], usually anhydrous.Alkaline, alkaline earth, and pyri- 
dinium salts are known. They are from dark red to green. 

Oxy-halogen Complexes of Pentavalent Tungsten 

These are formed with chlorine and bromine but not with fluorine. 

Tungsten trioxide dissolved in concentrated HCl can be reduced, either 
electrolytically^^®® or by bismuth amalgam^^ei definite pentavalent 

state, which is bright blue: the solutions are unstable and oxidize in the 

1262 ji] Y Smith and V. Oberholtzer, J.A.C.S. 1893, 15, 20 ; Z. anorg. Chem. 1893, 
4, 243. 

1263 R. G. James and W. Wardlaw, J.C,S, 1927, 2145. 

^264 Id., ib. 1928, 2726. ^266 ]y[ Spittle and W. Wardlaw, ib. 2742. 

^26« F. G. Angell, R. G. James, and W. Wardlaw, ib. 1929, 2578. 

12*^^ C. F. Hiskey and V. W. Meloche, J,A,C,S, 1940, 62, 1819; 1941, 63, 964. 

^ 2 *^* K. F. Weinland and W. Knoll, Z. anorg, Chem, 1905, 44, 81. 

^26® A. Rosenheim and M. Koss, ib. 1906, 49, 148. 

^ 2 ®® O, Collenberg and J. Backer, Z. Electrochem. 1924, 30, 232. 

K. Someya, Z. anorg. Chefn. 1925, 145, 173; 1927, 163, 207. 
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air. From these solutions a whole series of salts of the alkahes and of 
organic bases have been obtained^^®*'^; they are of two types: M2[WOCl5] 
and M[WOCl4], both anhydrous and hydrated.* The first class, whether 
hydrated or not, is a fine green: the second is bright brown when it is 
anhydrous: the only hydrated salts of this second type, Et4N and 
Pr4N[W0Cl4],H20 are blue-green. 

These salts are stable in dry air ; in moist air or in water they are 
hydrolysed and oxidized, going first blue and finally white. Oxidizing 
agents such as CI2, KMn04, HNO3, and H2O2 readily and completely 
convert them into compounds of hexavalent tungsten. The pentavalent 
oxychlorides M2[WOCl5] undergo a remarkable reaction with potassium 
cyanide, in which they are converted into the octacyanides of tetravalent 
tungsten, K4[WCy8]: molybdenum behaves in the same way. It was 
thought^^®^ that oxygen was evolved, but Young has shown that with 
tungsten (and no doubt with molybdenum too) this is not so, but the 
corresponding quantity of tungstate is formed; the essential cause of the 
reaction is the very remarkable stability of these octacyanides of (and 
of Mo*’^), which is discussed later. 

Complex Tuiigsten Bromideji 

The salts MgLWOBrg] (M - Rb, Cs, NH4), Et4N[W0Br4],H20, and 
(pyH)[WOBr4j have been prepared^^®^ in exactly the same way as the 
chlorides described above; they have the same crystalline form, but are 
more brownish-yellow in colour. They are stable in dry CO2, but are more 
easily hydrolysed than the chlorides; their solutions in concentrated HBr 
are green, while those of the chlorides in concentrated HCl are blue. 

Complex Pentavalent Molybdenum Cyanides 

Complex cyanides are highly characteristic of certain valencies, espe¬ 
cially 4 , of both molybdenum and tungsten, the stable form being the 
octacyanide M4[MoCy8]. These have been converted^^®^’^^®® into the penta¬ 
valent molybdenum cyanides by oxidizing the solution with KMn04, and 
isolating the product as the silver salt. This was then converted into the 
K salt K3[Mo'^Cy8], and also, by the action of HCl, into the free acid 
HgMo^Cyg, 3 H2O. The reaction is very pecuhar, because in all other cases 
permanganate oxidizes the molybdenum to the hexavalent state; the fact 
that here the oxidation proceeds no farther than the pentavalent must be 
due to the great stability of this 8 -covalent complex of Mo^, as compared, 

♦ A pyridine salt (pyHljCWOCljlHjO is formed when pyridine reacts with WC1« 
in CCI4 in presence of moisture: the excess of pyridine seems to be chlorinated and 
so reduce the tungsten. This salt is green. 

See further O. Collenberg, Z. anorg. Chem. 1918 , 102, 259 ; O. Collenberg and 
A. Guthe, ib. 1924 , 134, 322 . 

1263 w. R. Bucknall and W. Wardlaw, J,C,S, 1927 , 2988 . 

««« R. C. Young, J,A,C.S. 1932, 54, 4616. 

136K Paulssen von Beck, Z, anorg, Chem. 1931, 196, 86. 

O. Olsson, Ber. 1914, 47, 917; Z, anorg, Chem, 1914, 88, 49. 
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that is, with that of a corresponding Mo^^ complex. The pentavalent 
octacyanides are yellow, very sensitive to light, and very easily reduced. 

Complex Pentavalent Tungsten Cyanides 

These show exactly the same peculiarities as the molybdenum cyanides. 
Tungsten forms no simple cyanides at all, nor any complex cyanides of 
any valencies except 4 and 5 (molybdenum is the same). Here again the 
only known types are the octacyanides M3[WCyg] and M4[WCyg]. Here 
too, the tetravalent form is oxidized by j)ermanganate no farther than to 
the pentavalent state in H2SO4 solution, although this reagent oxidizes 
tungsten in all other known compounds (as it does molybdenum) to the 
hexavalent state.Various salts of the pentavalent series are known, 
as well as the free acid: they are made much in the same way as with 
molybdenum. If the tetravalent M4[WCyg] solution is oxidized and treated 
with silver nitrate, the red silver salt Ag3[WCy8] is precipitated. If this 
is treated with HCl the free acid Hgf WCyg], 6 aq. is formed. This consists 
of orange-yellow crystals and is unstable in air. 

Complex Thiocyanates: Molybdenum 

These are formed by both elements, and are entirely different in type 
from the cyanides, never having covalencies above 6. The molybdenum 
thiocyanates have been examined by James and Wardlaw.^^es ^ delicate 
test for molybdenum is that the solution turns deep red on addition of 
KCNS, and that the colour is soluble in ether. The nature of this com¬ 
pound was quite unknown. James and Wardlaw were able, by treating 
the complex Mo^ oxychloride MgfMoOClg] with a thiocyanate, to replace 
all the Cl atoms by CNS, and obtained two series of salts (1) a red-brown 
series M2[Mo02(SCN)3], and (2) a dark green series M2[MoO(SCN)5]. On 
acidifying the solution and extracting with ether a red ethereal solution 
was obtained, which on evaporation left behind a red oil, solidifying to an 
almost black solid. This is the free acid H2[Mo02(SCN)3], 2 HgO. 

All these compounds are highly hydrolysed in water, though thiocyanic 
acid is a far stronger acid than hydrocyanic. 

Tungsten Complex Thiocyanates 

So far as they are known these seem to be similar to the molybdenum 
compounds. Solutions of pentavalent tungsten on addition of thiocyanates 
give" red solutions from which a few salts have been isolated, such as two 
pyridine salts, apparently (pyH)2rW02(SCN)3] and (pyH) 2 [WO(SCN) 5].^269 

Chelate Organic Derivatives 

These have been investigated with molybdenum, but apparently not 
with tungsten. Molybdenyl oxalates with pentavalent molybdenum, of 

O. Olsson. Ber, 1914, 47, 917. 

»««« B. G. James and W. Wardlaw, J.C,S, 1928, 2726. 

O. Olsson, Ber. 1913, 46, 578. 
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the type M[Mo020x], xHgO are known.^270 barium and pyridine salts 
are both red, and are fully hydrolysed in water. 

Rosenheim^^’^ has made a series of complex salts with catechol and 
with salicylic acid, etc., of the types 

M3[MoOcat3], X aq., and M2[Mo(OH)3cat2], x aq. 

Very similar salts are formed by pentavalent niobium. If the catechol is 
replaced by a monohydric phenol, such as j)henol itself or cresol, the 
products are of quite a different type, being covalent compounds of the 
composition MoClgCO-Ar)3. 

TETRAVALENT COMPOUNDS 

Tetrahalides 

A TETRAFLUORIDE M0F4 was reported by Berzelius, but it has not been 
confirmed. 

Molybdenum tetrachloride M0CI4 can be made by heating molybdenum 
dioxide with a solution of CI2 in CCI4 in a sealed tube at or by 

heating the trichloride M0CI3 to a red heat in a stream of when 

it is converted into the ‘divalent’ MoeCli2, which stays behind, and MoC]4 
which distils over. 

M0CI4 is a brown powder which is easily volatile, forming a yeUow 
vapour. It is not stable. If it is heated in a sealed tube it is partly 
disproportionated into M0CI3 and M0CI5. It is sensitive to air, hght, 
moisture, and heat. It will not keep even in carbon dioxide. It reacts 
with water with hissing, and is soluble in, but not decomposed by alcohol: 
in these hydrolyses it splits up into M0CI3+M0CI5 or their decomposition 
products. 

The tetrabromide and tetraiodide have been described, but are not 
confirmed. 

Oxyhalides of tetravalent molybdenum do not seem to have been made. 

Tungsten Tetrahalides 

While the fluoride and bromide are unknown, not only the chloride but 
also the iodide have been prepared. 

Tungsten tetrachloride can be made by distilling the hexachloride in 
hydrogen at a sufficiently high temperature. It forms a loose grey-brown 
mass, and is non-volatile and infusible. It is hygroscopic and hydrolysed 
by water. If it is heated in air it is converted into the volatile WCI5 and 
the non-volatile WCI2 or W6CI12. 

Tungsten tetrabromide is unknown, though the divalent, the complex 
trivalent, and the penta- and hexavalent bromides of tungsten are all 

1270 R. G. James and W. Wardlaw, J,C,S, 1927, 2145. 

A. Rosenheim and C. Nemst, Z. anorg. Chem. 1933, 214, 209. 

A. Michael and A. Murphy, Am. Ch. J. 1910, 44, 379. 

See W. Biltz and C. Fendius, Z. anorg. Chem. 1928, 172, 390. 
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known: and on the other hand the tetraiodide is known, though no other 
iodide of tungsten except the divalent has been made. 

Tungsten tetraiodide WI4 can be made ^274 |^y heating WClg with liquid 
HI in a bomb. It is black, infusible, and hot volatile without decomposi¬ 
tion. It is reduced by hydrogen below a red heat. Chlorine expels iodine 
from it in the cold, and bromine at 100° (no doubt forming the penta- or 
hexahalide). It is insoluble in ether and chloroform, and also in water, 
which slowly attacks and hydrolyses it. It is decomposed by acids. 

Molybdenum Dioxide, MoOg 

This can be obtained by the careful oxidation of molybdenum, or by 
the action of steam on ignited molybdenum, or by the reduction of the 
trioxide by passing hydrogen over it at 470 °; or by the reduction of 
molybdates with zinc or in other ways. 

It is a brown-violet powder with a copper reflex; the solid is a fairly 
good conductor of electricity, but not so good as M02O5. At high tem¬ 
peratures it is oxidized by carbon dioxide,75 ^nd it is converted by CCI4 
into the tetrachloride. It takes up chlorine to form the hexavalent 
oxychloride M0O2CI2, but unlike M0O3 ^dd on HCl. Also 

unlike M0O3 dissolve in alkaline or acid solutions, but it is 

oxidized by nitric acid, and by silver nitrate (with separation of silver) 
to M0O3. 

A hydrated form, approximately Mo(OH)4, is precipitated when a 
molybdate is reduced with hydrogen and palladium^^’®: this on careful 
drying is converted into M0O2. 

Tungsten Dioxide, WOg 

This is formed by the feeble reduction of the trioxide, as by hydrogen 
at a low red heat or by heating in CO2, or with carbon to 1,000°, tungsten 
blue being usually formed as an intermediate product. 

It is a brown powder which melts in an atmosphere of nitrogen at 
1,500-1, 600°,^277 boils at about 1 , 700 °.Its crystal structure is of 
the rutile type, as is that of Mo02.^^^® f^he distance W—O is 2*00 A 
(theory 2 - 03 ). It is easily oxidized back to WO3, and is reduced by 
hydrogen at high temperatures to the metal, vjhlorine converts it into 
the hexavalent WOgClg, and CCI4 at 250 ° into WCI4. HCl and H2SO4 have 
no action on the dioxide: nitric acid converts it into the trioxide WO3. 

Molybdenum Disulphide, MoSg 

This is molybdenite, the chief ore of molybdenum. The crystal forms 
a giant molecule with a layer-lattice, in which each Mo has 6 S atoms at 
E. Defarqz, C.R. 1898, 127, 510; Ann. Chim. Phys. 1901, [7] 22, 259. 

1275 (j Friedheim and M. K. Hoffmann, Ber. 1902, 35, 792. 

C. Paal, ib. 1914, 47, 2214; C. Paal and H. Biittner, ib. 1915, 48, 220. 

12 7 7 jj] Friederich and L. Sittig, Z. anorg. Chem, 1925, 145, 134. 

E. Alterthum and F. Koref, Z. Elektrochem. 1925, 31, 508. 

127 9 y Goldschmidt, Trana. Far. Soc. 1929, 25, 269. 
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the points of a trigonal prism; the distances are Mo—S 2*35 (theory 2 * 40 ); 
Mo...Mo 3 * 15 ; S. -S 3*08 A.^^so 

The mineral is found in Norway, but mainly in America (especially 
Colorado and Arizona), and in Queensland. The compound can be made 
from its elements, from the action of H2S on the trioxide, or by fusing 
the trioxide with sulphur and potassium carbonate. 

Molybdenum disulphide has a metallic conductivity, at any rate above 
200 ° ; this increases when it is exposed to light. On heating it decom¬ 

poses to sulphur and molybdenum.^282 

A similar selenide MovScg is known. 

Tungsten Disulphide, WSg 

This is formed by heating the trisulphide in the absence of air, or by 
fusing the trioxide with sulphur and KoCOg, or by passing sulphur over 
tungsten or its trioxide. 

It is a soft, dark-grey powder, with the same crystal structure as MoSg.^^®^ 
It is insoluble in water, and burns in air to WO3. If it is heated in vacuo 
it loses sulphur at 1 , 200 ° and above, and forms metallic tungsten. 

A similar selenide has been prepared.^^^^ 

A dark-grey diamagnetic telluride WTe2 can be made from the elements 
at 700 °.i 284 


COMPLEXES OF TETRAVALENT MOLYBDENUM AND TUNGSTEN 

These are almost confined to the cyanides and a few ‘ato’ compounds. 

Complex Chlorides 

If a solution of WO 3 in concentrated HCl is suitably reduced (for 
example, with tin) it can be made to give the chloride K2[W^^(OH)Cl5],^2®® 
which is a dark-green solid giving a red solution. The solutions are 
remarkably stable, and can be kept exposed to air for some days, even 
when very dilute, without change. 

No complex bromides are known. 

The corresponding molybdenum compounds do not seem to have been 
prepared. 

Complex Tetravalent Cyanides: Molybdenum 

These complexes are very characteristic of the tetravalent state of both 
the elements. This is especially true of the octacyanides M4[XCyg]. With 

R. G. Dickinson and L. Pauling, J,A.C,S. 1923, 45, 1466; O. Hassel, Z. Krist, 
1925, 61, 92 (confirms Dickinson and Pauling). 

1281 Q Tubandt and M. Haedicke, Z. anorg. Chem. 1927, 160, 306. 

1282 Parravano and G. Malquori, Atti E, Line. 1928, [vi] 7, 109. 

1283 ]y[ Goldschmidt, Trans. Far. Soc. 1929, 25, 279. 

A. Morette, C.E. 1943, 216, 566. 

128 B A. Rosenheim and R. F. Bemhardi-Grisson, 7th Internal. Congr. Ap. Chem. 
1910, 10, 123, 125. 
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molybdenum there three series of salts: (1) yellow M4[MoCy8]; 

( 2 ) red-violet M 4 [Mo 02 Cy 4 ], x aq.; ( 3 ) a blue series which are obtained by 
the hydrolysis of salts of series ( 2 ), and so must contain tetravalent 
molybdenum: they probably are M 3 [Mo( 0 H) 3 Cy 4 (H 20 )], or aq. The first 
series (in which the central atom has the inert gas number) are remarkably 
stable/^®^"® especially among 8 -covalent compounds. They are formed 
from trivalent or pentavalent molybdenum by the action of a large excess 
of KCN. The potassium salt K4[MoCy8] 2 HgO is yellow, and with con¬ 
centrated HCl gives the free acid H4rMoC3^8] b HgO, also yellow. Type ( 2 ) 
is formed with a smaller excess of KCN. See further reference They 
are diamagnetic. 

This is the first 8-covalent complex whose shape has been determined. 
X-ray investigation showed^^^^ that the anion of K4[Mo*^(CN)8j, 2 HgO 
is not a cube or a twisted cube (antiprism), but is dodecahedraP 293-4 
figure see original paper). 

H 5 lzP 289 finds that if the octacyanide is treated with methyl sulphate 
it is methylated: this is a way of saying that it is converted into a 
co-ordination compound of MeNC, which, as a fact, is of a different type, 
being [MoCy4(CH3-NC)2(OH2)2]> 4 HoO. When treated with KCN this is 
reconverted into the octacyanide. 

Complex Cyanides of Tetravalent 7\ingsten 

These are very similar to the molybdenum compounds. The main series 
are the octacyanides M4[WCj^8], which are yellow, stable to aiv, and in 
solution neutral to litmus. The remarkable facu that these octacyanides 
of tetravalent molybdenum or tungsten are oxidized by permanganate in 
acid solution only up to the pentavalent stage has been disputed, but it 
has been confirmed. 

Complex Tetravalent Thiocyanates 

These have been prepared with molybdenum, and, as with the penta¬ 
valent compounds, they are entirely different to the cyanides, and do not 
go beyond a co-ordination number of 6 . 

A. Rosenheim, Z. anorg. Chem, 1907, 54, 97. 

1287 o. Collenberg, ib. 1922, 121, 298. 

1288 W. R. Bucknall and W. Wardlaw, J,C,S, 1927, 2981. 

1289 F. Holzl and G. I. Xenakis, M<m, 1927, 48, 689. 

1390 Klemm and H. Steinberg, Z, anorg. Chern. 1936, 227, 193. 

1281 H. H. Willard and R. C. Thielke, J.A.C.S. 1935, 57, 2609. 

1282 j. L. Hoard and H. H. Nordsieck, ib. 1939, 61, 2853. 

1283 For the theory of the structure of [Mo(CN)8]*'" see C. Racah, J. Cheyn. Phys. 
1943, 11, 214. 

1294 For 8-co-ordination in general see L. E. Marchi, J.A.C.S. 1943, 65, 2257. 

1228 O. Olsson, Ber. 1914, 47, 917; Z. anorg. Chem. 1914, 88, 54. 

1228 A. Rosenheim and E. Delm, Ber. 1915, 48, 1170. 

1297 Q, Collenberg (this is the same person as O. Olsson), Z. anorg. Chem. 1922, 
121, 281. 298. 
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The compounds M2 [Mo{SCN)b] can be by oxidizing the corre¬ 

sponding compounds of trivalent molybdenum with potassium ferri- 
cyanide. 

Complex Oxalates 

These are known in the molybdenum series: they differ from most of 
the other complexes in that they are oxy-salts (‘y^’ salts), with some 
oxide-oxygen attached to the molybdenum. They are all highly complex, 
containing 3 or 4 atoms of molybdenum in the molecule^®®®; even the 
apparently simple molybdenyl oxalate, with the composition Mo0(C204), 
3 H2O has been shown^^®® to be really complex, and probably triple, 
with the formula H2[Mo304(C204)3], 8 H2O, this being the form from 
which many of the salts are derived. This complexity is also supported 
by the conductivities of the salts. 

TRIVALENT MOLYBDENUM 

Trihalides 

The trifluoride MoFg is not certain. Complex salts derived from it are 
well known (see below, p. 1059 ). 

Molybdenum. Trichloride 

This can be made by passing the vapour of the pentachloride over heated 
molybdenum, or more conveniently^^®^ by heating the pentachloride to 
250 ° in a stream of hydrogen. It forms dark-red crystals which are 
insoluble in water and are not hydrolysed by it in the cold, so that the 
crude product can be freed from other chlorides by grinding with water. 

An aqueous solution of the trichloride can be obtained by electrolysing 
a solution of molybdenum trioxide in HCl; it is purphsh-red, and alkaline 
chlorides precipitate red complex salts such as K3[MoCl6] (p. 1059 ). 

M0CI3 is almost non-volatile; at a red heat in dry CO2 it is converted 
into the tetrachloride M0CI4 and the dichloride MogClg. In dry air it is 
slowly oxidized and, if the air is not quite dry, slowly hydrolysed. 

It forms ammines with ammonia, methylamine, and pyridine, mostly 
of the form M0CI3 -f- 2 or 3 molecules amine. 

Molyhdeyium Tribromide, MoBig 

This can be made from the elements, best at 350 - 400 °.^^^^ It forms 
dark-green or black needles. It is insoluble in ordinary solvents, but 
easily dissolves in pyridine to form a dark-brown solution, from which 
the compound MoBrg, 3 py can be obtained. Gaseous ammonia com¬ 
pletely converts it, even at low temperatures, into metallic molybdenum. 

^ Rosenheim and A. Garfunkel, Ber. 1908, 41, 2386. 

12 ®® G. A. Barbieri, AUi JK. Unc. 1930, [6] 12, 65. 

H. M. Spittle and W. Wardlaw, J.C./S. 1929, 792. 

A. Rosenheim, G. Abel, and R. Lewy, Z. anorg, Chem, 1931, 197, 200. 
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Oxyhalides of Trivalent Molybdenum 

These are formed by all the three lighter halogens, and are hydrated to 
the same extent, forming MoO(hal), 4 HgO. 

The fluoride MoOF, 4 HgO is made^®®^ by treating the chlorine com¬ 
pound with ammonium fluoride. 

MoOCl, 4 H2O. This occurs in two presumably stereomeric forms, one 
brown and the other green.They are both made by reducing M0O3 
electrolytically and precipitating with acetone in an atmosphere of CO2 in 
complete absence of air. The freezing-points in water and the conductivi¬ 
ties of the solution show that both forms first dissolve in water as non¬ 
electrolytes, and then slowly hydrolyse, the green form rather quicker 
than the brown. 

The brown form is easily oxidized in the air, and easily soluble in water; 
the solution reduces cupric and mercuric salts to cuprous and mercurous, 
ferric to ferrous, and silver nitrate to metallic silver. The green form 
behaves in much the same way, but is far more reactive. Wardlaw points 
out that if we assume an octahedral aiTangement of the 6-covalent 
0-^Mo—Cl, 4 HgO, a cis and a trans structure are possible; from the 
behaviour of the two forms with sodium sahcylate^^®^ he concludes that 
the green is the trans form. 

MoOBr, 4 HgO. This is similar to the chloride, but only the brown 
form is known.^^^^® 

Molybdenum Sesquioxide^ M 02 O 3 

The existence of this oxide has been doubted,but it is fairly certain 
that it or its hydroxide exists. Alkalies precipitate from a solution of 
trivalent molybdenum a black ]:>owder which has a composition very near 
to Mo(OH) 3; it is very shghtly soluble in acids, and is oxidized by the 
air to MoOg.^^®’ 


Molybdenum Sesquisulphide^ MogSg 

This cannot be made by the reduction of the disulphide with hydrogen, 
as that proceeds the whole way to the formation of the metal; but it can 
be prepared by heating the disulphide in an electric furnace either alone, 
or mixed with lime and calcium fluoride.^^®® It consists of steel-grey 
needles. 

A similar selenide is known. 

1802 w. Wardlaw and R. L. Wormell, J.C.S. 1927, 1089. 

1308 Id., ib. 1924, 125, 2370. 

1304 Id., ib. 1927, 130, 1090. 

1305 w. Wardlaw and A. J. I. Harding, ib. 1926, 1592. 

M. Guichard, Ann. Ghim. Phya. 1901, [7] 23, 649. 

1807 Muthmann and W. Nagel, Ber. 1898, 31, 2012; C. Paal and H. Biittner, 
ib. 1916, 48, 220. 

1308 Muthmann and A. Mai, Ann. 1907, 355, 111. 
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Oxy-salts of Trivalent Molybdenum 

The electrolytic reduction of solutions of M0O3 in H2SO4 gives rise to 
red and green solutions.The difference between these is obscure, but 
the green solution is further reduced 2,000 times as quickly as the red.^*^^^ 
In the same way a suljjhate Mo20(S04)2, 5 H2O can be made, as well as 
other more complex compounds. 

An oxy-oxalate Mo20(C204)2, 0 H2O is also known. 

Trivalent Tungsten 

All the trivalent compounds we have so far discussed have been com¬ 
pounds of molybdenum. Now it is a general rule that in any A subgroup 
as the atomic weight increases the lower valencies become less stable. 
This effect is very marked with tungsten; the difference in stability 
between molybdenum and tungsten is small when their valencies are G, 5, 
or even 4, but considerable in the trivalent compounds. The trivalent 
tungsten compounds are confined to the complexes, and these are of a 
complicated kind, with two tungsten atoms in the molecule. 

Trivalent tungsten forms no halides, no oxide,and no sulphide. In 
fact, there are no tungsten analogues to any of the trivalent molybdenum 
compounds which we have so far discussed. The only known tungsten 
compounds of this valency are a group of salts of the acid H3W2CI9, 
which are usually regarded as complexes derived from an (unknowm) 
chloride W2CI6, which is assumed to be a polymer of WCI3, and so to 
contain trivalent tungsten. On the other hand, the complex compounds 
01 trivalent molybdenum, which are fairly numerous, do not include this 
type of complex at all, but like the tetravalent complexes are mainly the 
halides (of the usual tyf)es), the cyanides, and the thiocyanates. 

COMPLEXES OF TRIVALENT MOLYBDENUM 

Complex Halides 

Fluorides. These are of the type of K[MoF4|, H2O, which is pale violet: 
the ammonium salt is similar. They are made by adding the alkaline 
fluoride to a solution of M0O3 which has been reduced electrolytically.^^^^ 

Chlorides. These are got in the same way by adding HCl and an alkaline 
chloride to an electrolytically reduced M0O3 solution. They are of two 
types (not including the above fluoride type) M3[MoCl6] and M2[MoCl5, 
They are both brick-red, and in solution are strong reducing 

agents, 

W. Wardlaw and N. D. Sylvester, J.C.S. 1923, 123, 971. 

G. Bredig and J. Michel, Z. physikal. Chem. 1922, 100, 136. 

1311 Wardlaw and W. H. Parker, J.C.S. 1927, 1312; see also Wardlaw et al., 
ib. 512, 519. 

See J. A. M. van Liempt, Rec. Trav. 1931, 50, 343. 

A. Rosenheim and H. J. Braun, Z. anorg. Chem. 1905, 46, 320. 

1314 Foerster and E. Fricke, Z, atigew. Chem. 1923, 36, 458. 
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The conductivities and freezing-points in water show that these salts 
first dissolve according to the formulae given above, and then slowly 
hydrolyse^^i^ like MoOCl itself (p. 1058 ). 

Some of these trivalent molybdenum complexes are isomorphous with 
ferric compounds.Both the potassium and the ammonium salts 
M2[MoCl5, H2O] are isomorphous with those of MgFeCls, H2O; further, the 
potassium salts form solid solutions containing up to 17 per cent, of the 
molybdenum compound, and the ammonium up to 10 per cent. 

Trivalent Molybdenum Thiocyanate Complexes 

The double salts M3 [Mo(SCN)q] are obtained by the electrolytic reduc¬ 
tion of M0O3 solution in presence of KCNS: they are yellow, and some of 
them are isomorphous with the chromic compounds. 

Cyanides 

If the chloride K3[MoCl6] is treated with KCN solution in air-free water 
in an atmosphere of nitrogen, the salt K4[Mo(CN)7, HgO] separates.It 
is interesting to see how here, too, the CN group (apparently alone of acid 
radicals) is able to raise the co-ordination number of the molybdenum to 8. 

Complex Halides of Trivalent Tungsten 

If sodium tungstate is reduced electrolytically in HCl strong enough to 
prevent hydrolysis of the products, a series of salts can be got of the 
formula M3[W2Cl9].^^^®"^^ The free acid is known only in solution; this is 
obtained by the action of HI on the thallous salt. It is a strong acid 
which expels COg from a carbonate, and it is green. The salts are numerous, 
and can be divided into several groups. 

1. M3[W2Cl9] :M ~ NH4, K, Rb, Cs, Tl'. These are greenish-yellow, and 
can be recrystaUized from water or dilute HCl: they are anhydrous, and 
are fairly stable when dry. The solubility falls olf rapidly from NH4 to 
Tr, which last is almost insoluble. 

2 . Salts of ammine-cations such as Co(NH3)e', Cr(NH3)6", and Ag(NH3)2. 
These are stable also when dry, but are slowly hydrolysed by water, in 
which they are only shghtly soluble. This slow hydrolysis, and a slow 
oxidation by air, are common to both t37^)es of salts. 

It has been shown by Young^^^o these salts undergo two remarkable 
reactions. If the aqueous solutions, say of the potassium salt of type 1, 
is heated, the salt decomposes the water with the evolution of hydrogen, 
and the formation of a higher valency of the tungsten: a black solid is 

1316 See W. R. Bucknall, S. R. Carter, and W. Wardlaw, J.C.S. 1927, 515. 

i3i« G. Carobbi, Qaz. 1928, 58, 35. 

1317 c. Young, J.A.C\S. 1932, 54, 1402. 

i3i» O. Olsson, Ber. 1913, 46, 566. 

1319 O. Olsson-Collenberg and K. Sandved, Z. anorg. Chem, 1923, 130, 16. 

133® R. C. Young, J.A,G,S. 1932, 54, 4617. 
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precipitated, which is said to be W5O9 (valency 3-6). The same reaction 
occurs in the cold in the presence of KOH, but unless the concentration 
of the KOH is at least 50 per cent., the reaction is not complete. 

The second curious reaction is that when K3[W2Cl9] is treated with 
KCN in an atmosphere of nitrogen, it is oxidized to the tetravalent 
tungsten compound K4[WCyg] no hydrogen is evolved, but the required 
oxygen is got from the HCN, which is hydrolysed to formic acid and this 
partly reduced to formaldehyde, which can actually be detected. 

These compounds, as has been said, are peculiar to tungsten. Their 
existence and their reactions obviousty depend on the structure of the 
W2CI9 ion. This has lately been examined by X-ray methods. Brosset^^^^ 
has shown that the salts M3[W2Cl9], where M — NH4, K, Rb, Cs, and TF, 
which are coloured, but not very strongly, are all isomorphous; the shape 
of the anion is this: 


Cl-AW 

.CK 



It is formed of two WCl^ octahedra, with a face in common. The W - • W 
distance is only 2*46 A, which is even less than that ( 2 * 74 ) in metallic 
tungsten. These results have been confirmed by Jiirg Waser in Pauling's 
laboratory. The substance is diamagnetic. From the very short W • • W 
distance Pauling concludes^^^^ that there is a covalent hnk, between single 
and double, joining the two tungsten atoms, which in that case would be 
at least tetravalent, so that trivalent tungsten would disappear; he also 
points out the remarkable similarity in structure between this ion and the 
carbonyl Fe2(CO)9 (VIII. 1369 ). 


DIVALENT MOLYBDENUM AND TUNGSTEN 

The existence of these valencies is based on the ‘ dihahdes ’ of the com¬ 
positions MoXg, WXg, which are certainly polymerized, and whose 
molecular weights and constitutions have only recently been established. 

Divalent Molybdenum 

The so-called dichloride and dibromide of molybdenum are very remark¬ 
able substances; one-third of their halogen is much more easily removed 
than the rest, as was pointed out by their discoverer Blomstrand,^^^® so 
that the formulae must be miiltiplied at least by 3 , which would give 

C. Brosset, Nature, 1935, 135, 874; Id., Arkiv Kemi, Min., Qeol. 1936, 12 A, 
no. 4. [This latter paper gives the data on which the crystal structure is based.] 

L. Pauling, Chem. and Eng. News, 1947, 2970 (Oct. 13), 

I. Koppel, Z. anorg. Chem. 1912, 77, 289. 

K. Lindner, E. Haller, and H. Helwig, ib. 1923, 130, 209. 

1325 Biitz and C. Fendius, ib. 1928, 172, 389. 

C. W. Blomstrand, J. prakt. Chem. 1859, 77, 89, 97; 1861, 82, 437. 
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Mo3X4(014).Recent shown that the polymerization 

is really sixfold, and the formulae are Mo3X8[X4]; the structure of this 
complex cation has been determined. 

Molybdenum dichloride MogOlio is made by the action of the halogen on 
the heated metal, or by heating the trichloride M0CI3 in a stream of COg, 
when it breaks down into M0CI4 which volatilizes, and MogClig which stays 
behind.Another rather remarkable but very effective method^^^"^ 
is to heat metallic molybdenum in phosgene at 

MogClig is a yellow powder, infusible and non-volatile, which is quite 
insoluble in water but reacts with it slowly; it is also insoluble in toluene, 
ligroin, and acetic acid, but soluble in alcohol and ether. 

The compounds are remarkable for their extraordinary stability, espe¬ 
cially to oxidation; they are not acted on by dilute acids, and they have, 
even in solution, practically no reducing power. The bromide, as we shall 
see, is even more inert than the chloride. 

The looser attachment (presumably ionic) of one-third of the halogen 
atoms is shown in various ways. Thus the chloride dissolves, to give a 
yellow solution, in concentrated HCl, HBr, and HI, and from the solution 
can be obtained [Mo6Cl8](hal)4, (J HoO, where ‘haP is the halogen of the 
acid used, Cl, Br, or I. kSo, too, when the chloride is treated with silver 
nitrate, instead of the silver being reduced to the metal, as we should 
expect, double decomposition occurs, with the formation of the nitrate 
[MoeCl8](N03)4.^^^^ It also dissolves in alkali, and the hydroxide 

lMoeCl8](OH)4, 14 HgO 

crystaUizes out, or can be precipitated with COg or acetic acid: this 
consists of yellow crystals, and two of the water molecules appear to 
form part of the complex, since only the rest can be removed in a 
desiccator. 

From the HCl solution can also be crystallized a compound of the 
composition MogCl^g, 2 HCl, 8 HgO which is probably to be written 
H2[Mo6Cl8]Cl6, 8 HgO, as a double chloride of hydrogen and the complex 
cation, as is shown by its forming the pyridine salt^^^^; the acid is stable 
in an atmosphere of HCl, but soon loses HCl in air. 

Molybdenum dibromide, also discovered by Blomstrand, is very similar 
to the chloride; it is made^^^? heating the metal in bromine vapour in 
a stream of nitrogen; since the higher bromides are decomposed between 
600 '^ and 700 ^, it is more easily got pure than the chloride. 

It is a yellow-red amorphous powder, infusible, and even more indiffer¬ 
ent to acids than the chloride: it is not soluble in the halogen hydrides, 
as the chloride is, nor is it perceptibly decomposed even b}^ boiling aqua 
regia. This difference is probably due lo a difference in solubility rather 
than in chemical characteristics. The bromide is soluble in alkalies, and 
on adding excess of HBr the hydrated bromide Mo^Brig, 6 HgO crystal- 

^327 Lindner and H. Helwig, Z, anorg. Chem. 1925, 142, 181. 
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lizes out; this is very similar in behaviour to the hydrate of the chloride. 
The bromide, like the chloride, behaves as the dihalide of a weak tetra- 
acid base [MoeBrg](OH)4, which can actually be prepared (with 16 HgO), 
as can also a whole series of derivatives MoeBrgX4, x HgO, where X = F, 
Cl, NO3, or X2 - SO4, Cr04, M0O4, C2O4. 

The iodide Molg or Moglig described by Berzelius, was probably a 
mixture. 

The structure of this [MoeXg]^"^ cation has been elucidated by the 
X-ray examination by Brosset^®^® of [MogClg](OH)4, 14 H2O and 
[MogClg]Cl4, 8 H2O (see further refs. 1322.1330) ^^0 cation the 8 chlorine 

atoms are at the corners of a cube, with the 6 molybdenum atoms 
slightly above the centres of the 6 faces. Presumably each Cl has the 

links Cl^, and each Mo is divalent and 4 -covalent with an E.A.N. of 48 . 

The Mo - - Mo distance is, however, only 2-64 A, which certainly suggests 
that there may be an Mo—^Mo link (theory 2 - 72 ); this would make the 
molybdenum trivalent. 

Tungsten Dihalides 

These are very like the molybdenum compounds, but are much less 
stable. 

Tungsten Dichloride, This is formed by reducing the hexachloride WClg 
with hydrogen or with 3 per cent, sodium amalgam, or by heating the 
tetrachloride WCl4.^®®^*’^ 

It is a grey powder, non-volatile and infusible. It is unstable in air, 
evolves hydrogen with water, and in general behaves as a strong reducing 
agent: for example, if it is heated in the vapour of nitric acid it produces 
large quantities of ammonium salt. This is quite unlike the molybdenum 
dihalides, which have practically no reducing power at all: in fact the 
resemblance between the dihalides of the two elements goes no further 
than that both are non-volatile and infusible: but there is greater resem¬ 
blance between the complexes, which makes it fairly certain that the 
tungsten dihalides have the same sixfold structure as those of molybdenum 
and are Wg(hal)i2. 

Tungsten Dibromide, This can be made by reducing the pentabromide 
with hydrogen at the temperature of a zinc chloride bath (Roscoe). It 
behaves just like the chloride.^®®® With potassamide it forms a peculiar 
compound W(NK)2NH2, also produced from WBrg.^®®^ 

Tungsten Di~iodide, It is curious that although the dihalides of tungsten 
are much less stable than those of molybdenum, tungsten wiU form a 

M. Guichard, C,R, 1896, 123, 821; Ann. Chim, Phya. 1901, [7] 23, 565. 

1829 Brosset, Arkiv, Kem, Min, Oeol, 1946, 20 A, No. 7; 1946, 22 A, No. 11. 

1830 jj. M. PoweU, Ann, Rep, Chem, Soc. 1946, 43, 96. 

K. Lindner and A. Kdhler, Ber. 1922,55,1461; Z. anorg, Chem, 1924,140, 357. 

1882 Biltz and C. Fendius, ib. 1928, 172, 388. 

H. A. Schaffer and E. F. Smith, J,A,C,S. 1896, 18, 1098. 

1884 F. W. Bergstrom, ib. 1925, 47, 2317, 2322. 
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di-iodide which molybdenum probably will not. Tungsten di-iodide is 
made by passing iodine vapour over red-hot tungsten, or HI over WCls 
at 400 - 450 °.^®^^® It is a brown powder, which is not fusible and cannot 
be volatilized without decomposition. It is insoluble in cold water: hot 
water at once hydrolyses and oxidizes it. Aqueous HF or HCl attack it 
slowly, alkaline solutions at once. 

Monoxides of Molybdenum and Tungsten 
It is very improbable that either of these compounds exist, at any rate 
as separable substances. The black precipitate which Blomstrand obtained 
by the action of alkalies of solutions of derivatives of molybdenum 
dihahdes, was really a trivalent molybdenum compound. Also the spec¬ 
trum of M0O3 gives no indication of the presence of a monoxide. 

Tungsten monoxide WO, according to Langmuir,may exist in the 
film of oxide formed on the surface of a hot tungsten wire in O2. 

Divalent Molybdenum Complexes^^^ 

These are all derivatives of the ‘dihahdes’ M03X12, and are formed 
from the MogClg ion by co-ordination; but until the X-ray data are 
available we cannot say exactly what their structures are. They are 
formed by the <iichloride and dibromide alike. The acid 

H2[MoeCl,4(H20)2], 6H2O 

made by treating a solution of the dichloride with hydrochloric acid has 
two molecules of water much more firmly attached than the other six. 
In water it gives at first a clear yellow solution, in which, however, it is 
hydrolysed, and a sudden precipitate containing all the molybdenum 
separates. A series of salts can be obtained from this chloro-acid. It 
forms a very stable pyridine salt (pyH)2[MogCli4(H20)2]. 

The pyridine salts obtained from alcoholic solution 

(pyH),[Mo«Cl,a), 6 ROH (R - CH3, CJA,, C.Knh 

give on heating (pyH)2[MoeClx4]. Again, if the acid is treated in HCl with 
alkaline chlorides it forms a series of derivatives 

M2[Mo«C1i4(H20)2], 4 H2O (M - K, NH4, urea + H, M2 - m + 2 H). 

These are the main complex salts of divalent molybdenum. It is possible 
to prepare the corresponding bromides, and in the chlorides it is easy to 
replace all the halogen atoms but eight by bromine, as in the salt 
MgfMofiClgBre]. It is obvious that the complex anion has a core Moe(hal)8, 
to w^hich 6 Cl, 6 Cl-f2 H2O, or 10 Cl are attached in the different salts. 

E. Defacqz, C.R, 1898, 126 , 962; Ann. Chim. Phys, 1901, [7] 22 , 259. 

A. Rosenheim and E. Dehn, Rcr. 1915, 48, 1168. 

G. Piccardi, Atti. R. Line. 1933, [vi] 17 , 654. 

Phys. Z, 1914, 15 , 520. 

K. Lindner, E. Haller, and H. Helwig, Z. anorg. Chem. 1923, 130 , 214. 
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Complexes of Divalent Tungsten 

As with divalent molybdenum, these are formed only by the chlorides 
and bromides, and are all built up on a basis [We(hal)g]^'^, forming most 
commonly the type M2[WeCli4, 2 HoO], or the corresponding bromine 
compound. 

In the preparation of these complexes WClg is reduced either by heating 
with aluminium with the addition of sihca to moderate the reaction, 
or by sodium amalgam.The product is extracted with HCl and 
evaporated: the residue is saturated with HCl gas, and the hydrogen 
compound (the ‘ chloro-acid’) separates in yellow needles. The acid is 
most probably^^^^ H2[WeCli4(H20)2], 6 HgO, hke the molybdenum com¬ 
pound. Its only certain salt is that of i)yridine: this smaller stability of 
the tungsten complexes as compared with those of molybdenum is to be 
expected in the divalent state. The acid in a desiccator easily loses all its 
water molecules but tw o, together with tw o HCl, giving WeCli2, 2 HgO. 
The acid is more reactive than the molybdenum compound, the chlorine 
being much more easily hydrolysed, with a break up of the complex. 

It is soluble in water and slowdy hydrolysed. The smaller stability as 
compared with molybdenum is shown by its behaviour with alcoholic 
silver nitrate; with this reagent the molybdenum acid loses 6 HCl and 
gives Mo5Clg(N03)4: but the tungsten acid has all its chlorine precipitated, 
and is then oxidized by the excess of AgNOg with separation of silver. 
The tungsten compound is more stable to sulphuric acid, which only 
oxidizes it above 100 °: below that temperature it acts like the molybdenum 
acid, and has two chlorines replaced to give W8Cl8(S04)2. 

The action of all^ahes on the acid is very instructive. They first dissolve 
it to form a yellow solution, but very soon the complex breaks up, and 
at the same time the tungsten is oxidized, with evolution of hydrogen; 
it is clear that the tungsten can only remain in this state of valency so 
long as this complex with six tungsten atoms persists; when the alkali 
breaks it up by removing the chlorine atoms the separate tungsten atoms 
are at once oxidized by the water (even in alkaline solution). 

Thus the tungsten complex resembles its molybdenum analogue very 
closely: they both have the same behaviour on heating, the same preferen¬ 
tial ionization of one-third of the halogen atoms, and the same slow 
hydrolysis by water and stabihty to HCl. The main difference is the 
greater instability of tungsten to alkalies: the amphoteric hydroxide 
[MogCl8(H20)4](OH)4 is stable to and dissolves in alkalies, while the corre¬ 
sponding tungsten compound is at once broken up and destroyed. This 
difference is in agreement with that observed between the dichlorides 
themselves, that the molybdenum compound is so stable that it has no 
reducing properties, while WgClia is able even to reduce water, with 
evolution of hydrogen. 

K. Lindner and A. Kohler, Ber. 1922, 55, 1464. 

Id., Z. afiorg, Ciiem. 1924, 140, 358. 

J. B. Hm, J.A.C,S, 1916, 38, 2385. 
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Bromine Complexes of Divalent Tungsten 

The mixed chlorine-bromine complexes mentioned above can be made 
from the chloro-acid by treatment with concentrated boiling HBr.^^ On 
cooling, the acid H2[W6BrgCl6(H20)2], ISHgO crystalhzes out. Its solu¬ 
bility, its hydrolysis, and its instability to alkalies are almost identical 
with those of the chlorine compound. A pyridine salt (pyH)2[WeBr8Cl^] 
can be prepared, though (like the chlorine compound) not directly. 

MOLYBDENUM AND TUNGSTEN CARBONYLS 

These compounds belong to the same type as the chromium carbonyl 
Cr(CO)e already described; they no doubt have the same structure; they 
have the same E.A.N. of the next inert gas, and the same general proper¬ 
ties, though they are not quite so stable. 

Molybdenum Carbonyl, Mo(CO)g 

This compound was first made^^^^ by the action of carbon monoxide 
under not less than 150 atm on molybdenum at 200*^. Klemm^^^^ showed 
that it definitely had the formula Mo(CO)6. Hieber^^"^^®"® made it like the 
chromium compound (p. 1026 ) by the action of carbon monoxide on the 
chloride in the presence of phenyl magnesium bromide. 

The carbonyl is driven over from the products with steam. 

Mo(CO)q boils at 156 * 4 '^,but has a considerable vapour pressure well 
below its boiling-point, and can be sublimed in hydrogen or COg at 30 ° 
or 40 °. The vapour begins to decompose about 150 °. With oxidizing 
agents, and especially with halogens, (^0 is evolved and molybdenum 
salts are formed. 

Like other carbonyls it readily forms ammines^®^® by the replacement 
of successive carbonyl groups by amines: thus we get 

Mo(CO) 3 py 3 Mo(CO) 4 Phthr. Mo(CO) 3 py,Phthr. Moa(CO)eCn8 
Yellow-brown Deep red Red-black Pale yellow 

[Phthr. = o-phenanthroline] 

It is remarkable that of these amines the one which has the weakest 
power of co-ordination is ethylene diamine: while pyridine acts on 
Mo(CO)e at 80 - 85 °, ethylene diamine will only expel CO above 180 °. 
Ethylene diamine is normally one of the strongest amminating agents; 
but that is when it attaches itself to one central atom as a chelate group, 
and has the stability which chelation involves. Here we see its natural 
weakness when it has to link two groups, and does not form a ring. 

K. Lindner and A. Kohler, Z. anorg, Chem. 1924, 140, 364. 

L. Mond, H. Hirtz, and M. D. Cowap, J.C,S, 1910, 97, 808; Z, anorg, Chem. 

1910, 68, 217. 

1846 w. Klemm, H. Jacobi, and W. Tilk, ib. 1931, 201, 14. 

W. Hieber and E. Romberg, ib. 1935, 221, 321. 

Id., ib. 332. W. Hieber and F. Miihlhauer, ib. 337. 
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Tungsten Carbonyl^ W(CO)g 

This was first made by like the chromium compound, by the 

action of 0 Mg Br on WClg in solution in ether and benzene, in an 
atmosphere of CO. Hieber^®^^ ^ showed that at low temperatures a 20 per 
cent, yield can be obtained. He examined^^^^ the thermal properties of 
the three carbonyls. 

W(CO)6 is a colourless crystalline sohd, which begins to sublime at 50'' 
and boils at 175 ° It is decomposed by heating, especially if it is 

impure, and also by fuming nitric acid, but not by water or by ordinary 
acids. 

In almost every point the tungsten compound behaves like the other 
two, although like the molybdenum compound it is not quite so stable as 
the chromium carbonyl. But it is clearly more stable than either the 
nickel compound Ni(CO)4, or the iron re(CO)5. 

Summary: Molybdenum and Tungsten 

A brief comparison of these two similar elements in their various 
valencies may be useful. 

Hexavalent Compounds. This is the most stable state for both. Of the 
hahdes molybdenum gives only MoFs, while we have WF®, WCl^, and 
WBr^; a stronger affinity for bromine than for the lighter halogens often 
distinguishes tungsten from molybdenum though the sizes of the ions 
( 1 ‘ 36 : 1*37 A) are practically the same. The oxyfluorides of molybdenum 
are more and the oxychlorides less stable than those of tungsten. 

The trioxides and their derivatives—acids, thio-acids, etc.—are very 
similar for both. 

Pentavalent Compounds. These are definitely less stable with tungsten 
than with molybdenum. There are no pentafluorides, but molybdenum 
gives M0CI5, and tungsten WCI5 and WBrg; but while there is probably 
an M02O5 and certainly an M02S5, there is no W2S5, and probably no W2O5. 
There are oxyfluoride complexes of molybdenum but not tungsten; 
oxychlorides of both; oxybromides of tungsten but not molybdenum. 
Both elements give octacyanide complexes, so stable that permanganate 
will not oxidize them to the hexavalent state. 

Tetravalent Compounds. Here there is very httle difference between the 
two elements. Tetrahalides, dicalcides, oxyhalides, and octacyanides are 
given by both, and in each type the two are about equally stable. 

Trivalent Compounds. Here on the contrary there is scarcely any 
likeness between molybdenum and tungsten. Trivalent molybdenum 
forms non-volatile trihalides, an oxide, sulphide, and selenide; also com¬ 
plex hahdes, and 8-covalent double cyanides M4[Mo(CN)70H2]: aU these 
are quite definite, though they are easily oxidized. 

A. Job and J. RouviUois, C.B. 1928, 187, 664. 

1350 Hieber and E. Romberg. Z. anorg. Chem. 1936, 221, 321. 

Id., ib. 332. 
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Trivalent tungsten forms none of these compounds at all; it only 
occurs in a group of salts of the complex acid H 3 [W 2 Cl 9 ], to which there 
are no molybdenum analogues. 

Divalent Compounds. With both elements these are confined to the 
‘ dihaUdes ’ (Ajhal 8 )hal 4 and their derivatives, including the salts 

Mjl A jhaln( H 20 ) 2 ]. 

AH these occur with both, and the structure of the group A^hal^, which 
is known with molybdenum, must be the same with tungsten. But this 
group is much less stable with tungsten than with molybdenum. 



URANIUM 

Uranium is of unusual interest, for several reasons. Except for radium 
and thorium, whose chemical properties are almost wholly ionic, it is (or 
was until lately) the only element in the last period whose chemistry is 
known in any detail, and this is in many ways diflFerent from that of the 
other members of the Vlth Group. In addition, its nuclear transforma¬ 
tions, especially under bombardment, are of fundamental importance; 
they include the phenomenon of atomic fission—the breaking up of the 
nucleus into fragments nearly of the same size—making part of the 
nuclear energy available as a source of j)ower or for the atomic bomb; 
and they lead to the formation of the trans-uranium elements 93 -B 
(93 neptunium, 94 plutonium, 95 americium, 96 curium), which for the 
first time give clear evidence of the opening of the 'second rare earth 
series’, the 'uranides’, through the expansion of the fifth quantum group 
from 18 towards 32 . 

The nuclear transformations of uranium are partly spontaneous, giving 
neighbouring elements, and partly induced by colhsion, leading sometimes 
to atomic fission, and sometimes to the formation of the trans-uranium 
elements 93 - 6 . These new elements will be discussed after uranium, and 
all the nuclear changes of uranium (and its isotopic constitution) will be 
dealt with along with them (p. 1090 ). 

The extreme importance of uranium as a source of atomic energy both 
for peace and for war has led to a very large amount of work being done 
in the last few years on the physical and chemical properties of this and 
the succeeding elements; some of this work has been or is being pubhshed, 
but much of it has not yet been released for pubhcation. I have tried to 
bring the following account uj)-to-date as far as possible, and I am very 
much indebted to Dr. C. D. Coryell, of the Massachusetts Institute of 
Technology, and to Dr. M. W. Lister, of Harwell, for the help they have 
given me; but new papers are appearing almost daily,* and many of the 
statements w ill need modification and amplification by the time they are 
in print. 

Uranium was discovered by Klaproth in 1789 , and named after the 
planet Uranus, which had been discovered by Herschel in 1781 . Its chief 
ore is pitchblende, which is containing small quantities of other 

oxides. This can be converted by treatment with concentrated nitric acid 
into uranyl nitrate U02(N03)2, which can be purified by recrystalfization 
and on heating leaves a residue of the trioxide UO3. Pitchblende is found 
in Cornwall, in St. Joachimsthal in Czechoslovakia, in Colorado, near the 
Bear Lake in Canada, and in the Belgian Congo; many other sources have 
been discovered in the last few years. Except as a source of atomic energy 
and of radium, uranium is of small practical use. The metal is not used 

* A series were read at the Chicago meeting of the American Chemical Society 
at Easter 1948, abstracts of which were issued by the Society. So far as these have 
not appeared m their journal they are referred to here by their numbers, as J,A,C,S, 

1948, T.S. 10. 
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at all; the salts and the oxide are used to colour glass for illumination, 
and the carbide UCg as a catalyst in Haber’s ammonia synthesis. 

Uranium Metal 

Uranium is a very heavy (density, 18 * 7 ), silver-white metal, hard, but 
not so hard as steel, which melts at 1,150*^^^^^ (^ot, as previously supposed, 
1 , 690 °), a very low temperature in comparison with the rest of the gi'oup, 
and is more volatile than iron. The solid has two sharp transition points 
at 662 ° and 772 ° C., the heats of transition being 0-680 and 1-165 k.cals. 
per g.-atom.^^^^ It is reactive; it burns in air on warming to give UgOg; 
it catches fire in fluorine, giving mainly the tetrafluoride; it catches fire 
in chlorine at 180 °, and combines with bromine at 210° and vdth iodine 
at about 260 °. Dry hydrogen chloride attacks it at a dull red heat; 
sulphur combines with it at 500 °, and nitrogen at 1,000°. Its normal 
potential probably comes between those of manganese and zinc. In a 
finely powdered state it is attacked by cold water; acids readily dissolve 
it to form hydrogen and tetravalent uranium salts, nitric acid reacting 
only slowly, because uranium, like the other metals of the subgroup, is 
made passive by it. Alkalies have no action on it. 

Uranium Hydride^ 

At 500 - 600 ° imder 120 atm. pressure of hydrogen uranium forms a 
hydride UHg; the composition is quite definite and is confirmed by X-ray 
measurements, and the compound will not take up more hydrogen or 
more uranium. It is a brittle substance but conducts electricity Hke a 
metal; it does not melt or decompose (under a high pressure of hydrogen) 
up to far above 600 °. 

The X-ray results show that each U has 6 nearest U's at 3-32 A. It is 
not an interstitial compound; there are no U—U bonds (theory for U—U 
2*98 A) and there are no ions. It is a metal-like hydride of a new type, 
and must contain some kind of U—H—U link. A similar deuteride can 
be made. The crystal structure has been discussed in detail by Pauling 
and Ewing,^^®^ who support these conclusions. 

Uranium and Carbon 

Two, if not three, carbides of uranium have been prepared. UC can be 
made from its elements^^®*; they will combine at 2,100°: or from uranium 
powder and carbon tetrachloride at 650 °.It has a sodium chloride 

1862 jj j) Sixiyth, Atomic Energy for Military Purposes, Princeton University 
Press (the official American report, also published by the British Government as a 
white paper). 

G. E. Moore and K. K. KeUey, J,A.C,S. 1947, 69, 2105. 

B. E. Bundle, ib. 1719. 

L. Pauling and F. J. Ewing, ib. 1948, 70, 1660. 

R. E. Rimdle, N. C. Baenziger, A. S. Wilson, eind K. A. McDonald, ib. 99. 

L. M. Litz, A. B. Garrett, and F. C. Croxton, ib. 1718. 
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structure, and is miscible in the solid state with the nitride UN and 
probably with the oxide UO also. A carbide U 2 C 3 seems to exist above 
2 , 000 °. 

IJC 2 is formed by heating oxides of uranium with carbon/^^®"® or from 
uranium with excess of carbon at 2,400°.^®^'^ It looks like bismuth, is 
crystalline, melts at 2,425°, and is calculated to boil at 4,100°. It forms 
brilliant sparks when it is hit; it catches fire when it is ground in a mortar, 
and anyhow in air at 400°; it is decomposed by cold water and violently 
by hot, giving a mixture of various hydrocarbons.Its crystal structure 
is like that of calcium carbide CaC 2 ,^^^’ which suggests an acetyhde of 
divalent uranium which should give acetylene with water; but it might 
possibly be U^^[C=C], and if so the C—C distance should be longer than 
in Ca[C^C]. (Compare the MCg carbides of La, Ce, Pr, and Nd, though 
La could scarcely be either divalent or tetravalent.) 

Uranium and Nitrogen 

Uranium absorbs nitrogen when it is heated. Various compounds have 
been described, some of which (such as U3N4) are probably solid solu¬ 
tions.The most certain^^^®'^^®^ are UN, with a sodium chloride lattice, 
U 2 N 3 , which is isomorphous with MngOa, and UNg; this last, which has 
a fluorite structure, can only be made and is only stable under a high 
pressure (over 100 atm.) of nitrogen. 

The compound U 3 N 4 , which is probably a solid solution of U 2 N 3 and 
UN, can be made from its elements, or by passing ammonia over UCI4, or 
by heating a mixture of UgOg and magnesium in nitrogen. It is dark 
brown or black; it decomposes in vacuo above 1,400°; it bums slowly in 
air to U 3 O 8 , and is insoluble in water, concentrated hydrochloric or 
sulphuric acid, but easily soluble in nitric acid. Boiling potassium 
hyi^oxide solution has no effect on it, but fusion with the hydroxide 
decomposes it with evolution of ammonia.^^®^ 

Uranium and Phosphorus 

Heimbrecht, Zumbusch, and Biltz^®®® find by investigation of the 
system U+P that the phosphides UPg, U 3 P 4 , and UP exist; they discuss 
their structures. 


HEXAVALENT URANIUM 

This is the most stable state of valency of uranium; it is also that in which 
the element most clearly shows its group properties, and its resemblance 
to the typical and the B elements of Group VI, such as sulphur and 
selenium, as well as to molybdenum and tungsten. It is represented by 

O. Ruff and A. Heinzelmann, Z, anorg. Chem, 1911, 72, 64. 

1359 O. Heusler, ib. 1926, 154, 366. 

13*® J. Schmidt, Z, Ehktrochem. 1934, 40 , 170. 

13*1 R. Lorenz and J. Woolcock, Z. anorg. Chem. 1928, 176, 302. 

i3«a R. E. Rundle, N. C. Baenziger, and A. S. Wilson, J.A.G.S. 1948, T.S. 66. 

1 *** M. Heimbrecht, M. Zumbusch, and W. Biltz, Z. anorg. Chem, 1940, 245 , 391. 
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three types of compounds, ( 1 ) UFe and UCl^, ( 2 ) UOg and its salts with 
metals, the uranates, and (3) the salts with acids of the divalent uranyl 
radical [ 1102 ]'*^'’^ or [ 0 =U= 0 ]^^, which is almost peculiar to this element 
and its immediate successors, is very stable, and also has a strong tendency 
to form complexes. 

Uranium Hexafiuoride^^^~^ 

This can be made by the action of fluorine on uranium or its carbide 
in presence of a little chlorine, which acts as a catalyst and causes the 
reaction to go to the hexafluoride, whereas without it it is liable to stop 
at the tetrafluoride.^^®^'^ It can also be made by the action of fluorine 
or even hydrogen fluoride on the pentachloride UCI 5 . 

The electron diffraction^^®and the Raman spectra^^®® show that the 
molecule is octahedral, and the dipole moment is zero^^®^; it is feebly 
paramagnetic.^®®® It forms pale yellow crystals, melting at 64*05° C. under 
1,137 mm. pressure, and having a vapour pressure of 1 atm. at 56*5°. 

It is interesting to compare the boiling-points of the hexafluorides of 
Group VI: 



The heat of evaporation of UFg is 10*36 k.cals.^®®^ It is not acted on by 
dry air, oxygen, nitrogen, carbon dioxide, chlorine, or iodine, but hydrogen 
reduces it to the tetrafluoride even in the cold. It is very hygroscopic, 
fumes in moist air, and reacts violently with water to form UO 2 F 2 or with 
excess of water UO 3 ; it behaves in the same way with alcohol. It is very 
reactive: it reacts vigorously with benzene, toluene, or xylene, with 
evolution of HF and separation of carbon, and slowly even with CS 2 and 
paraffin oil. It is soluble (apparently without reaction) in (CHCl 2 ) 2 , CCI4, 
and nitrobenzene. 

The chloride UCle has recently been made by disproportionation, by 
subliming the pentachloride; it begins to lose chlorine at 100 °, and is the 
most reactive of the uranium chlorides.^®'® 

The oxyhalides of hexavalent uranium are really uran yl salts [U 02 ](hal) 2 , 
and as such are described later (p. 1075). 

O. Ruff and A. Heinzelmann, Z, anorg, Chem, 1911, 72, 64. 

1366 ^ V Grosse and P. Kronenberg, ib. 1932, 204, J84. 

1366 p. Henkel and W. Klemm, ib. 1936, 222, 70. 

H, Braune and P. Pinnow, Z. physikal. Chem. 1937, B 35, 239. 

J. Bigeleisen, M. G. Mayer, P. C. Stevenson, and J. Tiirkevich, J. Chem, Phys, 
1948, 16, 442, 

1369 Smyth, Princeton University Rej ort no. A 2130, quoted in reference 

1370 H Weinstock and R. H. Crist, ib. 436. 

1371 p, Q, Brickwedde, H. J. Hoge, and R. B. Scott, ib. 429, 
c. H. Prescott jr., J.A,C.S, 1948, T.S. 48. 
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Uranium Trioxide 

This can be made by the careful heating of uranyl nitrate U 02 (N 03 ) 2 , 
or ammonium uranate, or peruranic acid, or the hydrated trioxide 
U 02 ( 0 H )2 (uranic acid) precipitated by acids from the solution of a soluble 
uranate. 

UO 3 forms an orange or brick-red powder which, according to Gold¬ 
schmidt, is isotropic and shows no signs of crystalline structure. It is not 
volatile and on heating loses oxygen to form UgOg. It is amphoteric in 
behaviour, forming uranyl salts with acids (for example, [UOalClg with 
HCl) and uranates with metallic oxides or carbonates; this latter reaction 
begins at a temperature depending on the metal, from 125° for the 
strontium to 450° for the manganous salt.^^"^^ 

A peroxide UO 4 is formed reversibly by the action of hydrogen peroxide 
on a uranyl salt ; it is relatively insoluble, and can be used 

for the separation of uranium. 

Uranium and Sulphur 

Biltz et examine the system U+S by phase-rule methods, and 

tensimetric and X-ray measurements. In addition to US 2 and U 2 S 3 they 
get US 3 from USg+S at 600-800°, with evolution of 40 k.cals. per U atom, 
the excess of sulphur being removed with CSg, or by heating in vacuo, 
M. Zurabusch^^^® examines a subsulphide found by Biltz: it has a face- 
centered cubic lattice of U atoms, indicating U 4 S„: from the densities n 
is found to be 3. The lattice is of the NaCl tyi)e with U for Na and S for Cl, 
but a quarter of the Cl places are unoccupied. U—S distance is 2*75, 
IT...U 3*88 A (theory U—S 2*53; [U]-[S] 2*79; U—U 2*98). 

Uranic Acid 

The hydrates of uranium trioxide are the uranic acids. Three of these 
are known^^’^ as weU as a colloidal form: written as acids they are, 
( 1 ) H 2 UO 4 ; ( 2 ) H 2 UO 4 , HgO; (3) H 2 U 2 O 7 . The first of these forms orange- 
yellow crystals, insoluble in water; the second is lemon yellow, unchanged 
in air, losing water over H 2 SO 4 to go into ( 1 ); 0*16 g. dissolves m a litre 
of water at 27°. The compound ( 2 ) is amphoteric in behaviour, and though 
an acid is also a base, forming salts with acids; with nitric acid it gives 
uranyl nitrate U 02 (N 03 ) 2 , evolving 12*38 k.cals. (Gmelin). 

Uranates 

A large number of these are known, of various types. Their tendency 
to condense is much smaller than that of the molybdates or the tungstates, 
and scarcely greater than that of the chromates. The commonest type is 

1373 Tammann and W. Rosentheil, Z, anorg. Okem. 1926, 156 , 20. 

1374 c. E. Larson, J,A,G,S, 1948, T.S. 47. 

1376 ji] Y, Strotzer, O. Schneider, and W. Biltz, Z, anorg, Chom, 1940, 243, 307. 

*37* M. Zumbusch, ib. 322. 

13’’ G. F. Huttig and E. v. Schroeder, ib. 1922, 121, 250. 
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that of the di-uranates M2U2O7, corresponding to the dichromates; the 
next commonest is the simple M2UO4; but tri-, tetra-, penta-, and even 
hexa-uranates are known, though none of the more complicated forms 
like the meta-tungstates: nor can uranium replace molybdenum and 
tungsten in the 6-, 9-, and 12-hetero-poly-acids. 

All uranates, even those of the alkaUes and ammonium, are insoluble. 
Ammonia will precipitate from a solution of a uranyl salt the di-uranate 
(NH4)2[U207], a yellow powder practically insoluble in water, but easily 
soluble in ammonium carbonate solution: this salt can be used to estimate 
uranium, but it is hable to go over into the colloidal state. 

(Thiouranates do not seem to occur.) 

Peruranates 

Uranic acid, like the corresponding acids of chromium, molybdenum, 
and tungsten, reacts with hydrogen ])eroxide to give peroxide —O—O— 
derivatives. 

If a concentrated solution of uranyl nitrate or acetate is treated with 
H2O2, a yellow precipitate of 1^04, 2 H2O comes down. These precipitates 
are hard to dry, and the existence of this particular hydrate has been 
denied.If dilute H2O2 is used the precipitates are easier to filter, and 
on analysis the ratio of uranium to active oxygen is found to be 1: 

This substance, which is quite stable, and does not begin to lose oxygen 
until about 100'', is often called peruranic acid, but it does not form salts 
directly with bases, and though the peruranates do exist, they are not the 
salts of UO4, 2 H2O. 

If, however, this compound is treated at once with alkali and HgOg, 
or if a uranyl salt is treated with H2O2 or Na202 solution, peruranates are 
produced. These contain more than 1 atom of active oxygen to 1 U: those 
of the alkalies and alkaline earths are of the type of K4[U08j, 10 HgO, 
while those of the heavy metals seem to be mainly of the type M2[U05j. 
M2[UOe], X HgO also occurs. 

The constitution of the peruranates has been re-examined lately, 
and it has been definitely shown that the so-called peruranic acid UO4, 
2 H2O is not ionized, and is not the parent of the salts, in which the ratio 
of active oxygen to uranium is not, as in the acid’ 1:1, but 1*5-3:1. 

Uranium Reds 

These are a curious series of brilliant red compounds, formed from the 
uranates by treatment with alkali and hydrogen sulphide in presence of 
air. They always contain sulphur, and either ammonium or a metal: 
thus a possible composition of one of them is U308(0K){SK). According 

But it is reasserted by A. Rosenheim and H. Daehr, Z, anorg, Chem, 1929,181» 

177. 

A. Sieverts and E. L. Muller, ib. 1928, 173, 299. 

A. Rosenheim and H. Daehr, ib. 1932, 208, 92. 

R. Schwarz and F. Heinrich, ib. 1936, 233, 391. 
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JJranyl Compounds 

to V. Kohlschutter^®®^ they always contain U:S.alkali in the ratio 5:2:6, 
and with acids half the sulphur comes off as HgS and the other half as free 
sulphur, indicating that the sulphur is present as —S—S—As the 
‘metallic’ component we can have K, NH4, Ba, and hydrazinium 
HgN-NHg. In many ways these compounds resemble the ultramarine 
compounds of aluminium. 


Uranyl Compaunds 

AU the salts formed by hexavalent uranium with acids are salts of this 
uranyl ion [UOg]’^'^, which behaves like a compound metal. It also has a 
strong tendency to form complex salts. 

The structure of this ion, as of all the compounds in which one of these 
heavier elements has two of its valencies saturated by an oxygen atom, 
is uncei*tain. These are the two possibilities of a double link and a 
co-ordinate hnk. With the uranyl ion, as it has two oxygen atoms, there 
are thus three possible structures: 

[O^U-~>0]+-^ [0<-U^O]++ [0=11=0]++ 

Val Gp. (8 ),4 (8),6 (8),8 

The true structure is presumably some kind of resonance hybrid; the 
U—O distance is 1-90 A, which supports this (theory 2*09). 

According to Dittrich^^®^ the uranyl salts, like the mercuric, but like no 
others, are dissociated to much the same extent as the acids from which 
they are derived. This seems to imply that both the ion and the covalent 
form are stable. 

The uranyl ion has a strong tendency to increase its covalency by com¬ 
plex formation either by adding two amine molecules, as in [(H3N)2U02]Cl2, 
or by forming a complex salt with alkaline salts, as in K2[U02Cl4]. 

JJranyl Halides 

It must be noticed that these compounds U02(hal)2 are definitely salts, 
and are quite unlike the covalent oxychlorides, with corresponding 
formulae, produced by sulphur and chromium, such as SO2CI2 or CrOgClg. 
This is shown most conclusively by their non-volatility (SOgClg b. pt. 
69*3°, Cr02Cl2 116-7°). 

This is obtained by evaporating down a solution of UO3 in HF. 
It is said to contain water, but this is uncertain and anyhow the water 
can probably be removed. It is extraordinarily hygroscopic, and if heated 
in air is converted into UgOg or UO3. It is easily soluble in water and 
ethyl alcohol, but insoluble in ether, and (unlike the other uranyl halides) 
in amyl alcohol. 

138a Ann, 1901, 314, 311. 

1883 This, however* is denied by V. Auger, Bull. Soc. Chim. 1919, [4] 25, 361; 
V. Auger and J. N. Longinesou, 1926, 182, 970. 

13*^ C. Dittrich, Z. physikal. Chem. 1899, 29, 449. 
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The anhydrous form is prepared by the action of Clg on the 
dioxide UOg, or on a mixture of UgOg and carbon, at a red heat. The 
hydrated form separates^^®® from a solution of UO3 in HCI as UOgClg, 
3 H2O, in yellow crystals which cannot be dehydrated without decomposi¬ 
tion: it is stable in dry air, but is very hygroscopic. It is very soluble in 
water, of which 100 g. will dissolve 740 g. of the trihydrate at 18°, and 
in alcohol and ether. The aqueous solution is very considerably hydrolysed. 

JJOJSr^. This is only known as the hydrate with 7 HoO, obtained 
from the dioxide and bromine, or from the trioxide and HBr, in yellow- 
green crystals. It is very hygroscopic: it is easily soluble in water to form 
a yellow solution, in which it is hydrolysed to the trioxide UO3. 

This is most conveniently made by precipitating the nitrate 
U02(N03)2 in ethereal solution with barium iodide. It forms red crystals, 
and is very unstable, being very easily hydrolysed by water and oxidized 
by air. 

TJranyl Nitraie^ U 02 (N 03)2 

This is the best-known of the uranyl salts. It is made by dissolving an 
oxide of uranium in nitric acid. It occurs with 0, 2, 3, and 6 molecules 
of water. The hexahydrate forms yellow prisms soluble in water, alcohol, 
and (rather surprisingly for a hexahydrated nitrate) in ether. The tri¬ 
hydrate forms yellow crystals; the dihydrate is greenish, and the anhydrous 
compound is a yellow powder. The saturated solution in ether contains 
22 per cent, at 0° and 8-8 per cent, at It is also soluble in acetone, 

but not in CS2, benzene, toluene, or chloroform. The aqueous solution, 
which can hold up to 56 per cent, of anhydrous salt at 25°, has the con¬ 
ductivity of a salt solution : it is about G per cent, hydrolysed at 25° in 
a normal solution. 

Uranyl Chlorate is knovm only in solution. 

Uranyl Perchlorate^ U02(C104), GHgO: yellow crystals, melting at 90°, 
very deliquescent. 

Uranyl lodate is known only in the form of hydrates with 2 HgO and 
1 HgO (two modifications of the latter). It cannot be dehydrated without 
decomposition.^^^^ It is only slightly (about 1 per cent, at 100°) soluble 
in water. 

Uranyl Formate U02(HC02)2, 0 and 1 HgO: soluble 7*2 per cent, in 
water at 15°. 

y^ranyl Acetate, 0 and 2 H2O: highly fluorescent. Decomposes at 275°: 
7*7 g. anhydrous salt dissolve in 100 g. of water at 15°. This salt is one 
of the most usual sources of uranium compounds. 

The most important of the uranyl salts of dibasic acids are these : 

1885 Oechsner de Coninck, Ann, Chim, Phya, 1904, [8] 3, 600; C.R, 1909, 148, 
1769. 

P. Misciattelli, Gaz. 1930, 60, 839. 

H. Ley, Z, phyaikal, Chem, 1899, 30, 249. 

P. Artmann, Z, anorg, Chem, 1913, 79, 330. 
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Uranyl Sulphide, [UO^JS. This can be made as a brown precipitate by 
adding ammonium sulphide to a solution of a uranyl salt. It is soluble in 
dilute acids, and in moist air is readily hydrolysed to uranic acid U02(OH)2. 
It can also be made in the dry way by fusing UO3 with sulphur and KCNS. 
It then forms black crystals, much more resistant to acids, and only 
dissolved by HCl if it is hot^^®®: when ignited in air it burns to SOg 
and UgOg. 

Urafiyl Sulphate. This is formed by evaporating a solution of uranyl 
nitrate in H2SO4. It gives hydrates with 0, 1, 2, and 3 H2O. The tri¬ 
hydrate loses water in air; soF 17*4/15*5°. This like all uranyl salts 
readily forms complex salts, but it does so more easily than some, since 
a free complex acid Hgl 1102(804)2], 2 HgO can be obtained, and there is 
evidence of the existence of complex ions in a solution of uranyl sulphate 

itself.1390 

Uranyl Carbonate, UO2CO3. This occurs in the pure state in E. Africa 
as the mineral Rutherfordine, formed by the weathering of pitchblende. 
It is difficult if not impossible to make in the laboratory. 

Uranyl Oxalate. The compound 1102(0204), 3 HgO is 0*5 per cent, 
soluble in water at 20°, 

There are also many uranyl derivatives, probably largely chelate, of 
organic acids, oxy-acids, and the like, for example, of malic acid,^^®^ 
salicylic acid, ^nd of ^-diketones.^^®^ 

These last show a curious co-ordinate unsaturation. Biltz^®®^ prepared 
the uranyl acetonylacetonate as an orange-yellow solid with the com¬ 
position UOgAg, HgO. Hager^'"*®® showed that if it is formed in presence 
of a base, the resulting j>roducts—all orange-yellow solids—are, when 
B the base is NH3, methylamine, or aniline, UOgAg, HA, B and when it 
is pyridine or quinoline UOgAg, B, with no extra diketone molecule. Hager 
suggests that the compounds of the first tyi)e may be salts BH[U02A3]. 

Complex Uranyl Compounds 

The uranyl group has a very strong tendency to form complexes, and 
complex salts corresponding to nearly all the simple uranyl salts are 
known. There are also a certain number of diammines of the type of 
(H3N)2U02Cl2: thus one molecule of uranyl chloride or bromide will form 
an addition compound with two molecules of ether, aniline, pyridine, 
nitrosodimethyl-aniline, etc.; and uranyl nitrate forms similar compounds 
of the composition U02(N03)2, 2 B, wffiere B is NH3, pyridine, or quino¬ 
line. 

But the great majority of these complexes are double salts; they are 

J. Milbauer, ib. 1904, 42, 448. 

A. Colani, C.R. 1927, 185, 21Z ;Bull. Soc. Chim. 1928, [iv] 43, 764. 

L. W. Andrews, Proc. Iowa Acad. Sci. 1925, 32, 299. 

R. Weinland and K. Hager, Z. anorg. Chem. 1927, 160, 193. 

K. Hager, ib. 162, 82. 

w. Biltz and J. A. Clinch, Z. anor^. Chem. 1904, 40, 221. 
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formed in very largo numbers by all kinds of metals^®®®; the following 
account deals mainly with the salts of the alkali metals and ammonium 
compounds with more than one uranium atom in the molecule are usually 
omitted. 

Fluorides, These are of three types (the most obvious one M2[U02F4] 
does not seem to occur): 

1. M[U02F3] ; Na, 4 H2O 

2. M3[U02F5] ; K3, 0;(NH4)3, 0. 

3. M4[U02Fe]; Li^, 0; Na^, 0; K^. 0. 

F. Olsson^'"^®® has shown that the alkyl and aryl ammonium bases have 
a strong tendency to form double salts with uranyl fluoride; they are of a 
peculiar type (although parallels could be found among other substituted 
ammonium salts) in that they have only one ammonium fluoride molecule 
to 1, 2, or 3 of UO2F2, for example (B — ammonia or substituted am¬ 
monia) : BH[U02F3] ; BH[U204F5]; BH[U30eF7]. 

Chlorides, Almost the only simple ty}>e is: M2[U02Cl4]; Nag, OHgO ; 
Kg, 0, 2;(NH4)2, 2;Rb2, 2 ;Cs2, 0. 

Bromides. These are similar: K2[U02Br4], 2 HgO; (NH4)2, 2. 

Nitrates, These are of two types: 

1. M[U02(N03)3] (e.g. K, NH4, Rb, Cs) all anhydrous but most of them 
very hygroscopic, and also: 

2. M2[U02(N03)4] ; Kg, 0; (NH4)2, 2 HgO. 

lodate, K[U02(I03)3], 3H2O. 

Acetate, Most of these are of the type M[U02Ac3]: e.g. Li, 3 and 5 H2O; 
Na, 2 and 0; K, 5 and 1; NH4, 3 and 0. They crystallize very well and 
have a brilliant green fluorescence. 

Cyanides. There is a double cyanide K2[U02(CN)4] which is of interest 
in view of the importance of the cyanides among the molybdenum and 
tungsten compounds, because this seems to be the only cyanide of any 
kind known to be formed by uranium: there are no known simple 
cyanides, and no other double cyanide formed with any of the alkali 
metals or ammonium. 

Sulphates. The usual type is M2[U02(S04)2(0H2)2] ; Lig, 4 HgO (includ¬ 
ing the two in the ion): Nag, 3; Kg, 2; Rbg, 2; Csg, 2; (NH4)2, 2. (These 
last four afford strong evidence that there are two molecules of water in 
the anion.) There is also at least one salt of a different type K4[U02(S04)3], 
2 HgO. 

Carbonates. (NH4)4[U02(C03)3], 2 H^O; yellow; solubility 5 g. in 100 g. 
of water at 5". Also Na4, 0; (NH4)4, ?“o; Rb4, 0. 

Oxalates, According to Wyrouboff^^®’^ there are four types of these salts: 

1. Mg[UOgOxg]. 3. Me[Ug040x5]. 

2. M4[U020 x 3]. 4. M2[U2040X3]. 

See Gmelin, ‘Uranium’ (1936), pp. 186-237. 

Z. anarg. Chem. 1930, 187, 112. 

i8»7 WyroubofT, Bull, Soc. Min, 1909, 32, 340; see also A. Colani, Bull, Soc. 
Chim. 1926, [4] 37, 861. 
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Of (1) and (2) there are the following examples: 

1. Lig, 5*5 HgO; Nag, 5 and 3; Kg, 3; (NH4)2 3 and 0 ; Rbg, 2; Csg, 2. 
(The HgO is obviously attached to the oxalate group in the last two 
salts.) 

2. (NH4)4[UOgOx3]. 

Uranoso-uranic Oxide^ UgOg 

This compound, which is presumably composed of hexavalent and 
tetravalent uranium, perhaps UOg, 2 UO3, is for some reason remarkably 
stable. It is probably a solid solution of the di- and trioxide, and its 
stability is due to its dissociation tension being very near that of the 
oxygen in the atmosphere. It constitutes, of course, the mineral pitch¬ 
blende. It can be made by strongly heating the dioxide or the trioxide 
in air, or by igniting in air the uranyl salts of volatile acids, or ammonium 
uranate.^^^® It forms dark-green to olive-green crystals; its crystal struc¬ 
ture is not known except that it is different from that of the dioxide 
UOg. Unlike the dioxide it can be sublimed at 1,300°, but at 1,240° its 
vapour pressure is only 1*4 When strongly heated it gives off 

oxygen, forming apparently first a sohd solution of UOg in U3O8: it is 
only at very high temperatures that the conversion into UOg is complete. 
By heating in hydrogen it is completely converted into the dioxide UOg. 
It is shghtly soluble in HCl and readily in HF. If heated with concen¬ 
trated H2SO4 it is slowly converted into uranyl sulphate 003(804) and 
U(S 04 )g. 

This oxide seems also to form a hydrate, which can be made by exposing 
a uranyl salt solution, containing an oxidizable substance such as alcohol, 
aldehyde, or glucose, to sunlight,i.e. by partly reducing the hexavalent 
to pentavalent uranium. This hydrate is a violet powder, and seems to 
go black on dr3dng. It oxidizes in air very readily. 

PENTAVALENT URANIUM 

This valency occurs in the pentafluoride and pentachloride, in the UOg 
ion which is found in solution, and probably in the pentoxide U2O5. 

Uranium pentafluoride UP5 occurs in two modifications, which are 
distinguished by their X-ray patterns.^^®® 

Uranium pentaxhloride UCl5^^®^ is formed along with the tetrachloride 
when uranium oxide and carbon are heated in chlorine, and can be 
separated because the pentachloride is the more volatile of the two; the 
temperature of formation is about 500-600°. 

It forms long needles, green by reflected, and red by transmitted light; 
it is unstable and loses chlorine even at the ordinary temperature, so that 

13 9 8 Biltz and H. Muller, Z. anorg, Chem. 1927, 163, 260. 

J. Aloy, Bull. Soc. Chim. 1900, [3] 23, 369; J. Aloy and E. Rodier, ib. 1920, 
[4] 27, 104; J. Zehenter, Mon. 1900, 21, 237. 

P. Agron, A. Grenall, R. Kunin, and S. Weller, J.A.C.S. 1948, T.S. 46. 

O. Ruff and A. Heinzelmann, Z. anorg. Chem. 1911, 72, 64. 
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it can only be kept in an atmosphere of chlorine. It is volatile at 70° 
under low pressures,but its molecular weight has never been deter¬ 
mined, so that it may be UgClio, with one atom of hexavalent and one 
of tetravalent uranium. 

It is excessively hygroscopic: the aqueous solution deposits U(OH)4. 
It is soluble in alcohol, acetone, and benzonitrile, and slightly soluble in 
CCI4 and chloroform. 

All attempts to make have failed. 

The pentoxide UgOs has been prepared^*®^; it is orthorhombic. The 
pentavalent uranyl ion [UOg]^ is present in hydrolysed solutions of the 
pentahalides. 


TETRAVALENT URANIUM 

The remarkably stable tetravalent state of uranium is very important as 
a sign of the beginning of the uranide series of elements (see p. 1091). 

The hydroxide U(OH)4 has no acidic properties whatever, but only 
basic. Moreover, it seems to be unable to form covalent compounds, 
other than perhaps the hydroxide itself, unless it has a negative charge, 
i.e. imless it forms part of a complex anion. Thus all the simplq tetra¬ 
valent uranium compounds are salts, even the halides; the tendency to 
form complexes is fairly strong. They are, on the whole, less stable than 
the compounds of hexavalent uranium, but are more stable than any of 
the lower valencies. 

The resemblance of the tetravalent uranium salts to those of thorium 
is very striking; it is ordinarily somewhat concealed because it is easy 
to separate the uranium by changing its valency, while that of thorium 
cannot change. The likeness is so great that Fleck,^^®^ when he was 
working out the isotopic relations of the radioactive elements, raised the 
question whether they are not related as a kind of isotopes, and tested 
this by seeing whether the salts (he used the fluorides) of thorium and 
tetravalent uranium could be separated by Iheir solubilities when the 
uranium was kept throughout in the tetravalent state: he showed that 
in spite of their similarity this separation could be effected. 

In the following account the properties of the thorium salts are briefly 
appended for comparison. 

Borohydrides 

Schlesinger and Brown^*®® have shown that when uranium tetrafluoride 
is treated with aluminium borohydride it gives U(BH4)4, [Th(BH4)4 has 
recently been obtained]. When this is treated with boron trimethyl it 
gives U(BH4)3BH3Me and U(BH3Me)4. The ethyl derivatives were also 

H. Martin and K. H. Eldau, Z, anorg. Chem. 1943, 251, 295. 

W. Biltz and H. Muller, ib. 1927, 163, 296. 

R. E. Kundle, N. C. Baenziger, and A. S. Wilson, J,A.C,S, 1948, T.S. 66. 

1*®* A. Fleck, J.C\S. 1914, 105, 260. 

H. I. Schlesinger and H. C. Brown, J,A.CJS. 1948, T.S. 60. 
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obtained. These are the most volatile of all known uranium compounds 
except UFe, having the vapour pressures: 

U(BH 4)4 . . 0-33 mm. at 36^^ 2-27 mm. at 56*" 

U(BH4)sBH,Me . 2-83 „ „ 11-89 „ „ 

U(BH8Me)4 . . 0-16 „ „ 0-58 „ „ 

The first two are dark-green solids in the cold, the third is dark violet. 
They all seem stable in the cold in the absence of air but react slowly 
with air, and quickly with water, alcohol, and hydrochloric acid. At 
80-100® the reversible reaction 

2U(BH4)4 2U(BH4)3 + 

occurs. 

Uranium Dioxide^ UO 2 

This is formed when UO3 or U3O8 is heated in hydrogen, and also by 
the action of water on the chlorides or double chlorides of tetravalent 
uranium. It is a brown or black* powder melting at 2,176® [thorium 
dioxide has a very high melting-point, as we all know from its use in gas 
mantles] and is so stable that Klaproth thought it was the element. It 
has the same crystal structure (CaFg lattice) as ThOg^^®^; it dissolves with 
difficulty in acids (like ThOg) (except in nitric acid, which oxidizes it to 
uranyl nitrate U02(N03)2), and forms salts. If it is heated in air or 
steam it is oxidized to UgOg, and it takes up chlorine at a red heat to 
form U()2Cl2. The form which is precipitated from salts is hydrated, 
and is green or red. It oxidizes in air to UO3, 3 H2O. 

Uranium Disulphide^ USg 

This is made from the elements, or by passing hydrogen and sulphur 
vapour over UCI4 or NagUCl^ at 500®. It is a dark-grey crystalline powder 
which when heated in vacvo neither melts nor decomposes below 1,100®; 
at 1,300® it begins to dissociate. It is attacked very slowly by water, 
more rapidly by hydrochloric acid, and violently by nitric acid. 

Tetrahalides 

Uranium tetrafluoride UF^ is the usual product of the action of fluorine 
on uranium; it can also be made by treating the yellow solution of UO^Fg, 
made by dissolving UjOg in hydrofluoric acid, with stannous chloride, or 
by the action of hydrofluoric acid on uranium tetrachloride.It can 
also be made^^®® by the reaction 

2 CF2CI2 + UO3 - UF4 + CO2 + CO + 2 CI2 
which goes at 400®.^^®® It is a green solid which melts about 1,000®, and 
is stable up to 1,100°^^®®; it is insoluble in water. [ThF4 is also a high- 
melting solid; it forms a hydrate ThF4, 4 HgO.] If heated in air UF4 is 

* Other colours—red and blue—have been attributed to it, but these products 
may have contained a slight excess of oxygen. 

O. Ruff and A. Heinzelmann, Z. anorg, Chem. 1911, 72, 64. 

H. S. Booth, W. Kraany-Ergen, and R. E. Heath, J,A.C.S, 1946, 68, 1969. 

V. G. Chlopin and M. L. Jaschtschenko, BuU. Acad. Sci. U.R.S.S. 1942, 87. 
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converted into UgOg; if heated in hydrogen it gives a red-brown compound 
which perhaps is UF3. Its solubiUty in water is 0-0053/25'^, apparently as 
the acid H2[UF4(OH)2]; it forms hydrates with 2, and 2| 

It is hardly attacked at all by acids, but is converted by boihng with 
alkaline hydroxide solution into the hydroxide U(OH)4. 

UgF^: this remarkable substance was discovered by R. Livingstoid^^^ 
in 1943; its formula was established by analysis.It is a black substance 
which turns green on exposure to air. The crystal structure has been 
examined by Zachariasen.^^^® He finds that it is cubic, with each U atom 
surrounded by 9 F’s at the average distance of 2-31 A (theory U—F 2*13, 
[U](F)~ 2-38). The uranium atoms, though they must be half penta- or 
a quarter hexavalent and the rest tetravalent, are all equivalent, and 
presumably are all in resonance. 

Uranium Tetrachloride UCI4 is formed from the elements: from the 
pentachloride on standing; from the action of carbon tetrachloride on 
UgOg, or of chlorine on a mixture of UgOg and carbon at a low red heat; 
or by the action of phosgene on uranium dioxide. [ThCl4, m. pt. 820"" (it 
begins to sublime below this) is made in the same way from carbon 
tetrachloride and ThOo.] 

UCI4 is the stablest of the chlorides of uranium; it forms dark-green 
crystals with a metallic glance. It melts at 567"" and boils at 618° (very 
hke ThCl4); the electrical conductivity of the fused tetrachloride at 570° 
is 0*34, i.e. is that of a salt^^^^ [ThCl4 0-61/814°]. UCI4 is very hygroscopic 
(the compounds of uranium must have more hygroscopicity between them 
than those of any other element); it dissolves in water with a large 
evolution of heat [ so does ThCl4], and gives a green solution which is very 
largely hydrolysed. 

It is soluble in acetone, ethyl acetate, and ethyl benzoate, giving a pale- 
green solution. It is insoluble in ether, chloroform, and benzene. 

Uranium Tetrabromide is very like the tetrachloride, but less stable. 
It is made by passing bromine vapour in carbon dioxide or nitrogen over 
heated UgOg mixed with carbon: it can also be got by the action of HBr 
on the tetrachloride. 

Brown or black crystals: its vapour density at a red heat is normal, so 
that the substance boils undecomposed [ThBr4 boils at 725°]. It is very 
hygroscopic and hydrolysed by water; in moist air it is at once oxidized 
to the oxybromide UOgBrg.^^^^ 

Uranium Tetraiodide, UI4, is made from its elements^^^^ or by the action 
of iodine on the dioxide and carbon at a red heat, or by reducing UO2I2 
with HI in sunUght.^^^® It is similar to UCI4, but less stable. It forms 

W. H. Zachariasen, J, Chern. Phys, 1948, 16, 425. 

R. Livingston and W. Burns, Manhattan Project Report CN 982, Oct. 1943. 

^*^2 s, Weller, A. Grenall, and R. Kunin, Report A—3326, March 1946. 

A. Voigt and W. Biltz, Z. anorg, Chem, 1924, 133, 281. 

See T. W. Richards and B. S. Merrigold, ib. 1902, 31, 254. 

M. Guichard. C.R. 1907, 145, 921. 

J. Aloy and E. Rodier, Bull. Soc. Chim. 1922, [4] 31, 247. 
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black needles melting at about 500°. It is deliquescent in moist air (Thl4 
is also deliquescent] and hydrolysed by it, and then oxidized to the 
oxy iodide. 

Oxyhalides of Tetravalent Uranium 

Oxyfluoride. The hydrate UOF2, 2 H2O is made by treating UjOg with 
excess of 30 per cent. HF: or by reducing UO2CI2 solution to the tetra¬ 
valent stage and adding It is a green solid which can be dried at 

100°. It can be used to estimate uranium.[ThOFg is known.] 

Oxychloride, This is formed by the photochemical reduction of UOgClg 
in ether.It is very pale green, very soluble in water and alcohol. The 
grass-green solution soon darkens, especially on warming, and precipitates 
U(0H)4. [ThOCl2 is readily formed, and hydrolyses easily.] 

Other Salts of Tetravalent Uranium 

These salts, which are less stable than the uranyl salts, are all green, 
and usually are easily soluble in water; the oxalate, however, is nearly 
insoluble even in acids, and also is more stable than most of the salts. 
Most of the salts are considerably hydrolysed in water (as we should 
expect the salts of a tetravalent base to be, and as the thorium salts are) 
and they are very easily oxidized: the hydroxide U(OH)4 formed by 
hydrolysis (and precipitated by alkalies) is no doubt covalent, and as 
such is more readily oxidized than the ion. 

They form complex salts (especially the oxalate) but not quite so readily 
as the uranyl salts. 

Nitrate. No neutral nitrate is known, but only the basic nitrate 
rj0(N03)2.^^^^ This is pale green, and can be dried at 100°. [Thorium 
does form a normal nitrate Th(N03)4, 12 and 5 HgO. But if it is dissolved 
in water a basic compound separates out.] (We must remember that 
nitric acid though classed as a strong acid is really much weaker than 
HCl, not to say HCIO4.) 

Chlorate and Perchlorate. These can be made in solution by dissolving 
the hydroxide U(OH)4 in acid, but they decompose on evaporation. 

Formate and Acetate. The normal salts UAC4 and also the basic salts 
UOAcg are known. 

Sulphates. These can be made by the action of sunlight on a solution 
of UgOg in H2SO4. There are certainly two hydrates, U(S04)2, 4 H2O and 
11(804)2, 8 H2O. Thorium sulphate forms the same hydrates, which are 
both isomorphous with these uranium salts, and which resemble the 
uranium salts also^^^® in showing the most peculiar behaviour in solution. 
Thus the solubilities in g. anhydrous salt to 100 g. water are: 

11(804)2, 4 H20:10-9/24°, 6-7/63° 

0(804)2, 8 H20:11-3/18°, 58-2/62°. 

F. Giolitti and G. Agamennone. Atti E. Line. 1905, [5] 14, i. 114, 165. 

F. Giolitti, Qaz. 1904, 34, ii. 166. 
i*i» A. Benrath, Z. Wias. Phot. 1917, 16, 258. 

1420 p Giolitti and G. Bucci, Gaz. 1905, 35, ii. 162. 
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This indicates an unparalleled degree of metastability in the octahydrate 
at the higher temperature. The explanation was finally given by R. J. 
Meyer,who showed that the salts were isomeric even in solution, and 
that in water (or strictly speaking in the presence of dilute acid, added to 
repress hydrolysis) the molecular weight of the tetrahydrate was twice 
as great as that of the octahydrate. 

Phosphates, Ortho-, meta-, and p\Tophosphates of tetravalent uranium 
are known. 

Oxalates. If a solution of a urany) salt containing oxalic acid is exposed 
to sunlight the uranium is reduced, and uranoiis oxalate precipitated. 
11(0204)2 is dark green, and insoluble in water and dilute acids; it is easily 
soluble in alkafine oxalate solution with the formation of a double oxalate. 

[Thorium forms a similar oxalate, which is hydrated, ThOx2, 6 H2O. It 
also is almost insoluble in water, but readily scduble in solutions of alkaline 
oxalates or ammonium oxalate, forming double salts.] 

Complexes of Tetravalent Uranium 
These are numerous, though not nearly so numerous as the uranyl 
complexes. The following are some of the more important. The thorium 
analogues are added in square brackets. 

Fluorides.^^^'^ K[UF5]; NH4[UOF3|. [KThFs, | HoO; KgThFe, 4 HgO.j 
Chlorides. M^LUClfl]; M - Li, Na, K, Rb. Cs. [Cs2[ThCl6].] 

Bromides. Na2[UBr6]; K2[UBrg]. [(nyll)2[ThBr6].] 

It will be noticed that all these complex II^^ halides (though not quite 
aU the thorium compounds) are anhydrous. 

The hydrogen halides seem to be the only monobasic acids which form 
tetravalent uranium complexes; but several poly basic acids do so. 

Sulphates. On adding sulphuric acid t(> ari electrolyticaliy reduced 
solution of UO2CI2 the acid H2[U(S04)3], 10 H.j .0 is formed.^^^a ly^lts of it 
are also known such as K2[U(S04)3], 2 HgO and also another type, 
(NH4)4[U(S04)4]. [Na2[Th(S04)3], 6H20:K4[Th(S03)4], 2H2O.] 

Sulphites. No simple uranous sulphites are known, but a complex 
(NH4)4[U(S03)4]^^^ and also more complicated salts have been prepared. 

Phosphate. A complex phosphate Na2[U(P04)2] is known. [Also the 
corresponding Th salt Na2[Th(P04)2].] 

Oxalates. The insoluble simple oxalate of tetravalent uranium is very 
soluble in solutions of alkaline oxalates, owing to the formation of double 
salts.1^26 Such are K4[UOx4], 5 H2O, grey; (NH4)4[UOx4], 7, 6, and 0 HgO; 
Baa[UOx4], 6 HgO, red-violet. 

R. J. Meyer and H. Nachod, Ann. 1924, 440, 186. 

For the crystal structure of the complex fluorides of tetravalent uranium see 
W. H. Zachariasen, J.A.C.S. 1948, 70, 2147. 

M£3 p. Giohtti and G. Bucci, Oaz. 1905, 35, ii. 168. 

A. Rosenheim and M. Kelmy, Z. anorg. Chem. 1932, 206, 39. 

See L. E. Marchi, W. C. Femelius, and P. J. MacReynolds, J.A.C.S. 1943, 65, 
329, 333. 
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[Various complex oxalates of thorium, such as Na2[Th(C204)3] are 
known.] 

TRIVALENT URANIUM 

Thebe seems to be no doubt that trivalent uranium exists. There are 
the trihalides, a trivalent sesquisulphide U2S3, and a trivalent ion in 
solution: and although the molecular weight of none of these compounds 
is known, since all but the last are infusible and non-volatile, and the 
ion is very probably complex, the alternative suggestion that they contain 
divalent and quadrivalent uranium is improbable since divalent tp. inium, 
if it exists at all, is extremely unstable. 

Uranium borohydride, U(BH4)3. As we have seen (p. 1080) tetravalent 
uranium borohydride is converted into the trivalent U(BH4)3 at 80-100^. 
Unlike the dark-green volatile U(BH4)4 this compound is brownish-red 
and non-volatile, and detonates violently.!^®® 

A nitride UN has recently been established on X-ray evidence^^®^; it 
has a sodium-chloride lattice. 

Uranium sesquisulphide, U2S3, can be made by heating the tribromide 
in hydrogen sulphide for 8-10 hours in complete absence of oxygen.^^^® 
It consists of gre^y crystals, which decompose in air with evolution of 
hydrogen sulphide. 

Trihalides 

Uranium trifluoride, UF3. If the tetrafluoride is heated in hydrogen, it 
gives off hydrogen fluoride, and a red-brown solid, insoluble in water, is 
formed: it is scarcely attacked by any acids except nitric. This is pre¬ 
sumably the trifluoride existence has recently been con- 

firmed.^^^2 

Uranium trichloride, UCI3, is made by reducing the tetrachloride with 
hydrogen; it was discovered by Peligot in 1842; for recent work see 
references 1372,1428-9 a]gQ made by subliming the tetrachloride 

in nitrogen.For the crystal structure of this and of the isomorphous 
trihalides of the lanthanide and the actinide elements see Zachariasen.^^®^ 

It forms dark-red needles, scarcely volatile at all and very hygroscopic. 
It is more stable in air than the pentachloride, but as hygroscopic as the 
tetrachloride. It dissolves easily in water to give a purple-red liquid, 
which at once begins to evolve hydrogen, turns green, and deposits what 
is probably the tetravalent U(OH)4. It dissolves in hydrochloric acid 
with evolution of 40-6 k.cals. per g.-atom uranium, and forms a red 
solution (which can also be got by reduction of a solution of higher 
valency), which is rather more stable than the solution in water. 

Uranium tribromide, UBr3, can be made by distilling the tetrabromide 

G. Alibegoff, Ann. 1886, 233, 134. 

H. C. Bolton, Z. Chem. 1866, [2] 2, 353 ; Bull Soc. Chim. 1866, [2] 6, 450. 

A. Rosenheim and H. Loebel, Z. anorg. Chem. 1908, 57, 236. 

’*** W. Biltz and C. Fendius, ib. 1928, 172, 386. 

O. HOnigschmid and W. E. Schilz, ib. 170, 148. 

W. H. Zaohariasen, J. Chem. Phys. 1948, 16, 264. 



1086 


Group VI. Trivalent Uranium 

in nitrogen,or by the action of hydrogen on the tetrabromide at its 
melting-point, when the reduction goes to trivalent uranium, but no 
further. 

It forms dark-brown, very hygroscopic crystals; the volatility is too 
small for the vapour density to be measured. It dissolves in water with 
great ease and a hissing sound to give a purple-red solution, in which it 
slowly oxidizes on standing. 

[UgOg! according to Biltz (see under U2O5) this does not exist.] 
Trivalent Uranium Sulphate 

Rosenheim^^^'^ showed that a sulphate of trivalent uranium undoubtedly 
exists. It is made by precipitating the reduced solution of trivalent 
uranium by fairly concentrated H2SO4. He gives it the formula H[U(S04)2], 
which has an improbable unhydrated acidic hydrogen; attempts to prove 
the formula by preparing its salts failed, because the substance is so easily 
oxidized. It forms red crystals which are very easily oxidized—even 
during washing—to the totravalent state. In water it is at once oxidized 
to with evolution of hydrogen. 

DIVALENT URANIUM 

The only good evidence for this valency is the monoxide UO. There is a 
very dubious rnonosulphide which has not been seen for over fifty years; 
a difluoride UFg has got into the literature, but only through a misprint, 
as was pointed out by Sieverts.^^®^ Recent work on the halides^'*®® has 
given no evidence of divalent uranium compounds. 

Uranium monoxide, UO, can be made from its elements^'^^®’^^®^; it is 
very diflScult to get it free from carbide and nitride; the dioxide is only 
completely converted into the monoxide at a very high temperature. It 
has a sodium chloride lattice. 

Uranium monosulphide, US. According to Alibegoff ( 1886 ) this can be 
made by heating the sesquisulphide UgSg to a red heat in hydrogen. 
But Flatt and Hess^^^^ failed to repeat his work, and got no evidence 
for the existence of compounds of divalent uranium. 

o, Honigschmid, C.R. 1914, 158, 2005 ; Mon, 1915, 36, 68. 

A. Rosenheim and H. Loebel, Z. anorg. Chem. 1908, 57, 237. 

A. Sieverts, ib. 1928, 170, 191. 

1436 Flatt and W. Hess, Helv. Chim. Acta, 1938, 21, 525. 



NUCLEAR FISSION AND NUCLEAR ENERGYi^^®"^^ 

In 1937 it was found, mainly by Otto Hahn and his co-workers,that 
the bombardment of uranium by neutrons gave a whole series (10) of 
radioactive products, whose chemical properties showed that they were 
not isotopes of any element from 84 Po to 92 U; as no case was then 
known where bombardment caused more than a small change in atomic 
number, it seemed that these must be the elements following uranium, 
with atomic numbers 93 to 97, and their isotoj)es. Early in 1939, however, 
Hahn showed^^^^"^ that one of the supposed new elements was barium, 
and he suggested that the uranium nucleus was broken up into barium 
plus kr5rpton (56-f 39 ^ 92). Further work confirmed this, and showed 
that the nuclei of heavy elements like thorium and uranium can be 
broken by nuclear bombardment into a few large pieces. These 'fission’ 
products usually themselves change further, so that the number of pro¬ 
ducts that have been identified is large. A complete list of the 160 known 
fission products of uranium (including isotopes), with their various radia¬ 
tions, has been given by the Plutonium Project.Recent work^^^^ has 
shown that not only thorium (which behaves very like uranium) but also 
tantalum, platinum, thallium, lead, and bismuth when bombarded with 
a-particles, neutrons, or deuterons of 100-400 m.e.v. energy undergo 
fission with the formation of galhum, bromine, sttontium, ruthenium, etc. 

Now Aston shoAved in 19271^^2 the masses of the atoms are not 
exact multiples of the unit ^®0/16; those of the lightest elements, especially 
hydrogen, and those of the heaviest being rather greater, while those of 
the intermediate elements are smaller, with a minimum at about Ti—Ni. 
This can be seen by plotting against the atomic weight the 'packing 
fraction’: if an isotope with a mass-number N is found to weigh N-\rf 
times the unit, the packing fraction is (//iV) x 10^. Examples of its values 
are H +81-2; He +9-8; Ti —7*24; Cr —8*18; U -f 50. Hence if a heavy 
atom undergoes fission the products will weigh less than it did. Now 
Einstein showed that when mass is converted into energy the latter has 

British Whit© Paper on the Atomic Bomb, 1945. 

O. Halm, L. Meitner, and F. Strassmann, Ber. 1937, 70, 1374, 

O. Hahn and F. Strassmann, Naturwias. 1938, 26, 756. 
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1440 Plutonium Project, J.A.C.S. 1946, 68, 2411. 

I. Perlman, R. H. Goeckermann, D. H. Templeton, and J. J. Howland, Phys. 
Rev. 1947, ii. 72, 362. 
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the enormous value e = where c is the velocity of light. This gives 
2-2 X 10^® k.cals. as the equivalent of a mass of 1 g. This does not mean 
that all mass can be converted into energy: as far as we know, protons or 
neutrons cannot be so converted, and the only part of the atomic mass 
that can be turned into energy is that shown by the differences of the 
packing fraction. Hence it is theoretically possible that a part of the 
nuclear energy might be liberated by transforming either the lightest or 
the heaviest of the elements into others of medium weight. The first 
method occurs in the conversion of 4 atoms of hydrogen into 1 of helium, 
which is the source of mo^t of the energy of the stars (see Group 0, p. 3); 
as this requires atomic cc llisions at a temperature of about 40 million °C. 
it is not likely to be achieved artificially. The second method, the fission 
of heavy atoms, is that used in the atomic bomb, and is the only one we 
have for obtaining atomic energy. The fission of 1 g. of 235^ or ^^®Pu 
involves the loss of about 1 mg. of mass, and so the liberation of 2x 10’ 
k.cals. of energy. 

The process used for the fission depends on the fact that heavier atoms 
have a larger proportion of neutrons than lighter, and so their fission 
might be expected to lead to the liberation of several neutrons. Thus if 
236]j with 235—92 =: 143 neutrons, brcjke up into two atoms of even the 
heaviest isotope of palladium (each with 110—46 64 neutrons), there 

would be 143—128 ™ 15 extra neutrons set free. Most of these extra 
neutrons remain, however, in the nuclei produced, which emit j8-rays and 
so increase their atomic numbers. The neutrons, being uncharged, have 
very long free paths, and unless the mass of material is large they will 
escape from it without causing a fission; there must, however, be some 
critical size at which the neutrons liberated by the fission of one atom 
can on the average break up one atom more; above this size they can 
each break up more than one atom. This is the principle of the atomic 
bomb, in which two pieces of the fissile material, each a little below the 
critical size, are suddenly brought together (by the explosion of a small 
charge), when the rate of fission increases with enormous rapidity, and 
the whole energy of a large fraction of the mass that is lost is released in 
about a millionth of a second. 

The critical size for broken up only by fast neutrons, is calculated 
to be about 40 tons, which for practical purposes is prohibitive; for 
which is broken by slow neutrons much more easily, it is not more than 
a few kilograms. The separation of the from the 140 times as abundant 

is, however, like all isotopic separations, extremely laborious; it 
involves either a lengthy diffusion of volatile uranium compounds if they 
can be found, or the use of something like a giant mass spectrograph. 
This has to some extent been carried out, but another source of energy 
has been found in plutonium, ^®®Pu. The theory of atomic fission worked 
out by Bohr and Wheeler^*^^-^ (and verified experimentally) showed that 
both and ^®Pu would be broken up by slow neutrons. Now 2®®Pu 
can be made from the abundant by bombardment with neutrons of 
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moderate speed (about 5 e.v.), and it has the great advantage that it can 
be separated by chemical means; for example, it can be co-precipitated 
in the reduced (IV) state, and then oxidized to the hexavalent state to 
remove the carrier. 

It is for the production of this that the atomic ‘piles’ were con¬ 
structed. In these, pure (usually metallic) uranium is embedded in 
graphite; the fast neutrons (usually started by casual cosmic rays) are 
reduced to thermal (gas-kinetic) speeds of about 0*025 e.v. by passing 
through 40 cm. of graphite, and some of them break up other atoms, 
while others are absorbed by atoms which they convert through 
into 2^^Np and so into ^^^Pu. The working of the pile depends on the 
conditions being such that the neutrons given by one fission on the 
average break up exactly one more If the number is below this 

the chain dies down, and if above, it leads to an explosion. The regulation 
is effected by inserting rods of a material which absorbs neutrons, such as 
cadmium; these can be pushed in or pulled out as required. 

The immense scale on which this work was carried out in America during 
the war (with 125,000 workmen at a cost of 2x10® dollars, the target 
aimed at being between 1 kg. of plutonium per month and 1 kg. per 
day1362) jxiade it* possible to obtain from the piles some of the other 
products, such as and 237Np^ and furthei* to obtain by the bombard¬ 
ment of the plutonium the last two elements americium and curium—all 
these in weighable quantities. 



NUCLEAR CHANGES OF URANIUM AND THE URANIDES 

There are three natural isotopes of uranium, whose mass numbers and 
abundances are: 

Mass numbers . . 234® 236 238 

Abundance per cent. . 0 008 0-7 99*3 



Of the artificial isotopes of uranium^^^®is made from 
by (n, 2 n ); it goes in 7 days to ^^^Np, which can be isolated from the 
products of the big piles. 

23»U is formed by the action of resonance neutrons of about 5 e.v. on 
2®®U, and goes in 23 minutes by a |S-ray change to ^^^Np. 

Trans-uranium Elements and their Production 

93 Neptunium, Seaborg and Perlman^^^"^ find that the amount of 
neptunium in pitchblende is certainly less than 1 part in 10®, and there 
is no evidence that there is any. 93 was the first trans-uranium element 
to be discovered (E. M. McMillan and P. A. Abelson, Berkeley, 1940). 
There are three isotopes, 237, 238, 239. 

237Np is made through 237U by bombarding ^®®U with moderately fast 
neutrons, and also from ^^®U by double neutron capture; it is formed in 
the pile to about 1/1,000 of the plutonium, and can be isolated if required. 

♦ The times given throughout are those of half-life. In the bombardments 
described later the symbols in brackets, such as (d, n), give the nature of the bom¬ 
barding particle followed by that of the particle or ray emitted on bombardment. 
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This is by far the stablest of the isotopes, and is the one to be used for 
working out the chemistry of the element. Its half-life is 2*25 x 10 ® years 
(a-change, to 2®®Pa). 

is got from by d, 2 n ; it goes by a ^-change in 2 days to ^®®Pu. 

239js}p jg formed spontaneously (j8, 23 min.) from It goes by a 

j3-change in 2-3 days to ^®®Pu. 

94 Plutonium, Seaborg and Perlman^^^^ find 1 part in 10^^ of ^^^Pu in a 
pitchblende concentrate from the Great Bear Lakes in Canada. 

2®®Pu, made from ^^^Np as above, was discovered by Seaborg et 
its half-life (a) is about 40 years; it changes into 

2^^Pu is made from by neutrons of about 5 e.v.; it has an a-ray 
change with a half-life of 24,110 years. Hence it occurs in nature, and it 
has been separated from pitchblende and from carnotite, in both of which 
it occurs to about 1 part in 10^^ (this means 1/100 microgram per ton). 
2 ^®Pu is the material used along with in the atomic bomb. 

2 ^iPu is formed by the change oc, n from n a slow ^-change to 

give ^^^Am. 

95 Americium. ^^^Am was first made by G. T. Seaborg, R. A. James, and 
L. O. Morgan in 1944, by bombarding ^'^^Pu with 40 m.e.v. a-particles in 
the Berkeley 60-inch cyclotron. It is an a-ernitter with a half-life of 500 
years. It is also formed as above by a spontaneous j8-change from ^^^Pu. 

2 ^2Am is formed by the action of slow neutrons on ^^^Am; it undergoes 
a spontaneous ^-change in 18 hours into ^^^m. 

96 Curium was discovered in 1944 by G. T. Seaborg, R. A. James, and 

A. (^hiorsi. Two isotopes are known, 240 and 242. jg made (a, 3n) 

by the action of 44 m.e.v. a-particles on ^^^Pu. Its natural half-life is 
1 month. 

is made as described above from 239p^ qj. jg a-emitter 

with the short life of 160 days. 

PROPERTIES OF THE URANIDE ELEMENTS 

The question whether the fifth quantum group of electrons which is 
completed up to 18 in gold begins to expand towards 32, as the fourth does 
in cerium, and if so where, has now been settled by the chemical properties 
of these newly discovered elements. In the lanthanides the beginning of 
the expansion is marked by the main valency becoming and remaining 3. 
With these later elements of the seventh period there is scarcely any sign 
of valencies other than those of the group until we come to uranium. 
Thorium is practically always tetravalent (very unstable trihalides have 
recently been obtained); it is particularly remarkable that it is so even in 
the nitride, which is Th3N4, though the existence of the very stable nitrides 
VN, ZrN, and HfN shows that in this type of molecule the trivalent state 
is greatly stabilized. Up to and including uranium, the group valency is 
always the stablest, but beyond this no further rise of valency occurs, such 


G. T. Seaborg and M. L. Perlman, J.A.C.S. 1948, 70, 1571. 
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as we find in rhenium and osmium. Hence the point of departure of the 
new series of structures (corresponding to lanthanum in the first series) is 
obviously uranium, and the series should be called the uranides. 

With the succeeding elements the lower valencies become increasingly 
stable, these lower valencies being 4 for 93 and 94 , and 3 for 95 and 96 ; it 
is doubtful whether 96 Cm has any valency other than 3 . The valencies 
are given in the following table, the most stable being doubly, and the next 
most stable singly, underlined. 

89 Ac 3 

90 Th (3) 4 

91 Pa " g 

92 U 3 4 5 g 

93 Np 3 4 5 6 

94 Pu 3 4 5 6 

95 Arn 2 3 4 ?5 

96 Cm “ I 

The atomic structures of the isolated atoms are not certain (see Meg* 
gergi^ss)^ as is true also to some extent of the lanthanide elements, but 
from the chemical point of view this is of less importance, since the 
energies of the alternative orbits do not greatly differ. We may compare 
for the (not always realizable) trivalent ions the number n of electrons in 
the penultimate quantum group (assuming that there are 8 in the outer* 
most group) in the two series: 


Lanthanides . 

67 La 

58 Ce 

59 Pr 

60 Nd i 

61 11 

62 Sm 

63 Eu 

64 Gd 

‘Actinides’ 

89 Ac 

90 Th 

91 Pa 

92 U i 

93 Np 

94 Pu 

95 Am 

96 Cm 

Number n 

18 

19 

20 

21 

22 

23 

24 

25 


The chemical development is not wholly dissimilar in the two series. 
Among the lanthanides cerium has the tetravalency of a fourth group 
element almost as strongly marked as its trivalency, but this higher 
valency vanishes in the succeeding members of the period; in the elements 
of the seventh period the group valency is maintained as the most stable 
up to 6* in uranium, and then this fades out, the trivalency of the tliird 
group being ultimately regained. The position of curium should be 
noticed; it has as many electrons in its outer groups as gadolinium, the 
penultimate group in the trivalent ion being 25 in both—^i.e. half*way 
between 18 and 32 . This implies great stability, which as we have seen 
(III. 450 ) is supported for gadolinium by the valency being only 3 , while 
the preceding element europium can be di* and the succeeding element 
terbium tetravalent. With curium we have in the same way 3 as the only 
valency, while the preceding element americium can be divalent like 
europium. 

♦ It was pointed out by Bohr {Theory of Spectra and Atomic Conatitutiony 1922) 
that the / electrons will be less firmly held in the fifth than in the fourth quantum 
group; hence we might expect the valencies to be higher here than in the corre¬ 
sponding lanthanides. 

1U5 w. F. Meggers, Science, 1947, 105, 614. 
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These elements resemble the lanthanides in other ways as well. The 
successive members show a contraction like that of the lanthanides (III. 
445 ) due to the smaller screening effect of the electrons in the/subgroup. 
Zachariasen^^^ has shown by X-ray measurements that this occurs with 
the radii of the trivalent and tetravalent ions, as well as with the A—O 
distances in the hexavalent [A02]^'^ ions. The figures are: 



Radius of 

A—0 distance, 
in hexavalent 

rAo.]++ 

Trivalent ion 

Tetravalent ion 

Ac 

M3 



Th 


MO 


Pa 




U 

104 

0-89 

1*91 

Np 

102 

0-88 

1*90 

Pu 

101 

0-86 

1*89 

Am 

100 

0-85 


Cm 





The paramagnetism also is similar: in the table, n is, as before, the 
number of electrons in the penultimate quantum group; the paramagnetic 
susceptibilities are multiplied by 10^; they show a change corresponding 
to the ‘first hump’ in the lanthanides (III. 442 ). 


n 

18 

Thi'', U" Dia. 

La**S 

Ceiv Dia. 

19 

Npvi 

+2*45 

Ce"* 

-f2*35 

20 

20 

Uiv ^ 

-f40 

Priii 

506 

20 

21 

Pu^ J 

Npiv 

-f-3-9 


505 

22 


-fl*6 



23 

Pu"* 

-f0*35 

Srn*** 

1*0 

24 

Am"* 

-f0*3 

Eu*** 

3*60 


The absorption spectra again have the remarkable ‘rare earth’ charac¬ 
teristic (III. 443 ) of being composed of very narrow bands, often at low 
temperatures only some 5 A broad. 

A brief account of the chemistry of the individual trans-uranium ele¬ 
ments follows. 

Neptunium has the oxidation states VI, V, IV, and III, with a shift of 
stability towards the lower states as compared with uranium. The penta- 
valent state is fairly stable with neptunium, more so than with uranium or 
plutonium. The oxidation of the tetra- to the hexavalent state is much 
easier with neptunium than with plutonium; it can be effected by cold 
permanganate with the former but not with the latter.^^®^ 

All four states have been obtained in water^^**^; strong oxidizing agents 


W. H. Zachariasen, J.A.C.S. 1948, T.S. 57. 

L. B. Magnusson, J. C. Hindman, and T. A, LaChapelle, ib. T.S, 88, 
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will give the hexavalent neptunyl acetate Na[Np 02 ( 0 -CO 0113 ) 3 ], and 
electrolytic reduction in an atmosphere of nitrogen gives the trivalent 
form. 

There is a borohydride Np(BH 4 ) 4 . 

The chief oxide is NpOg, which can only be oxidized to Np^Og with 
difficulty; an oxide NpO has also been described. 

Halides of the type NpXg, NpX 4 , and NpXg are known; the dinwido 
(and also the iodate) of the reduced neptunium is insoluble in water, while 
that of the oxidized (presumably [NpOa]^ or [Nj) 02 l^^) is soluble.^^^^ 

Plutonium. Its chemistry was examined by Seaborg and WahP^^^ f^nd 
by Harvey et in Canada, with about 5 mg. of 239p^j from an atomic 

pile; their results essentially agree. The plutonium was separated by the 
co-precipitation of its trifluoride with lanthanum trifluoride, and was then 
removed from the latter by oxidation to a soluble hexavalent fluoride, 
presumably PUO 2 F 2 . 

Plutonium has three well-marked valencies of III, IV, and VI, of whic h 
IV is the most stable, though the compounds easily disproportionate to 
IIIVI, the latter appearing as [PUO 2 ] ^ 

Trivalent plutonium is a much weaker reducing agent than trivalent 
uranium, which liberates hydrogen from water; tetravalent plutonium is 
reduced to trivalent by trivalent uranium, as well as by hydroxylamine, 
sulphur dioxide, iodine ion, etc. Pu*'* is stable in solution in absence of air 
(and forms a hydrated ion, as is shown by the absorption spectniin)*^^^, 
in presence of air it is slowly oxidized to Pii^'^: permanganate in acid solu¬ 
tion oxidized Pu^ to Pu^^ in the cold, but to Pu'^^ at 60^. Pu^^^ salts are 
blue; ammonia precipitates Pu(OH )3 as a dirty-blue solid very easily 
oxidized by air; PuFg is insoluble. Pu^^ salts form complexes very readilj’^; 
there is a^series of double sulphates M[Pu(S 04 ) 2 ], ^ H 2 O as with the lan¬ 
thanide metals; for the cr 5 ^stal structuie of NaPuF 4 see Zachariasen.^^^^* 

Tetravalent plutonium salts are pink or greenish; PuOa (insoluble) is 
brown, Pu(OH )4 brownish-green, and PUF 4 (insoluble) yellow. They form 
complexes very readily; complex(or at least double) thiocyanates, oxalates, 
and sulphates are known; for the crystal structure of the complex salts 
M[PuF 5 ] (M — Na, K, and Rb) see reference A Pu^"^ salt can be 
removed from aqueous solution by adding acetyl acetone and extracting 
with benzene. 

Pentavalent plutonium^^®® is unstable (though more stable than penta- 
valent uranium), and goes to a mixture of Pu"^^ with Pu^"^ or Pu^^^ It 
occurs as the ion [PuOg]"^. 

Hexavalent plutonium. Plutonium is not oxidized to this by hydrogen 
peroxide, as uranium is to but it is by other strong oxidizing agents, 
such as dichromate, permanganate, ceric salts, and electrolytic oxidation. 
The Pu^^ compounds include the slightly soluble ammonium plutonate 

J. C. Hindman, J.A.C.S. 1948, T.S. 89. 

W. H. Zachariasen, ib. 70, 2147. 

R. E. Connick, ib. 1949, 71, 687. 
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(jsresumably (NH4)2Pu04) and a series of mostly brown or orange plutonyl 
^alts PuOgXg. The plutonyl salts are usually orange, and pink in dilute 
solution. They are very like the uranyl salts, except in their oxidizing 
power. The nitrate Pu02(N03)2 is soluble in ether; the complex sodium 
acetate is isomorphous with its uranium analogue. 

Among the individual plutonium compounds the following should be 
mentioned. 

Plutonium hydride and deuteride.^^®^ At 400-500° under 350 mm. 
|)re8sure of hydrogen PuHg and PuHg are formed ; they give solid solutions 
in one another; the heat of formation of PuHg is 32*5 k.cals. per mole. 
Deuterium behaves in the same way, but the dissociation pressure is 1*5 
times as great as with hydrogen. 

A borohydride Pu(BH4)4 or perhaps Pu(BH4)3 has been obtained. 

The oxides PuO, PUO2, and perhaps PugOs have been made. Pu^^ forms 
two diSerently coloured peroxides, with the probable compositions 
2 Pu^"^, 1 O2, 1 OH (brown), and 2 Pu*’*'-f-2 O—O (red)^^®^; equilibria 
indi(3ate that both have 2 Pu atoms in the molecule; there is no sign of a 
peroxide with 1 Pii.^^®^ Thorium behaves in much the same way.^^®^ 

The known halides are of the types PuXa and PuX4.^^®® At 900° PUP4 
forms PUF3 and free fluorine. The tetrafluoride does not react with dry 
oxygen up to 600°, but at this temperature the trifluoride undergoes the 
reversible reaction 

4 PuFa + O2 - 3 PUF4 + PuOa. 

Araericium}^^^ In water^^®® this is mainly trivalent, and is very like 
the corresponding lanthanide europium. Only very powerful oxidizing 
agents such as sodium hypochlorite or alkaline hydrogen peroxide wiU 
oxidize trivalent americium, and even these have no effect on trivalent 
curium. Divalent americium can be got by the action of a powerful 
reducing agent such as sodium amalgam on the trivalent element; this 
resemblance to europium is emphasized by the fact that AmS04 can be 
co-}^recipitated with EUSO4. Pentavalent americium probably occurs. The 
uxides AmO, AmgOg, and AmOg occur. AmOg is stable in air; Am(OH)3 
when ignited in air at 900-1,400° goes to Am02, which is reduced by 
hydrogen at 800° to AmO. 

Halides. Only those of the type AmXg are known. Am02 is converted 
into the corresponding halide by hydrogen fluoride at 600°, by CCI4 at 
850°, by AlBrg at 500°, and by AII 3 at 500°. X-rays show all these tri- 
hahdes to be isomorphous with the corresponding plutonium com¬ 
pounds.^^®® 


I. B. Johns, ib. T.S. 64. 

R. E. Conniok and W. H. McVey, ib. T.S. 91. 

1463 g Fried and N. R. Davidson, ib. T.S. 63. 

See further B. B. Cunningham, ib. T.S. 42. 

S. G. Thompson, R. A. James, and L. O. Morgan, ib. T.S. 43. 
S. Fried, ib. T.S. 65. 

61U.2 « 
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The trivalent is certainly the stablest and probably the 
only valency state of curium, as it is of its lanthanide analogue gadolinium. 

The only known oxide is Cm^Og, and the trifluoride CmFg is co-pre- 
cipitated with lanthanum or other rare earth trifluorides, from which it 
can only be separated with difficulty. 

L. B. Wemer and I. Perlman, J.A.C.S. 1948. T.S. 44. 
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THE HALOGENS 

F Cl Br I 85(At) 

Mn Tc Re [93 Np] 

I N this group we have the extreme case of the resemblances among the 
later groups of the typical to the B elements. The halogens F—Cl—Br—I 
form the most perfect series we have, more so even that the alkali metals, 
since their behaviour is more diverse, not being so much confined to that 
of the simple ions. The resemblance of this series to the A elements 
Mu—Tc— Re is limited to the heptavalent compounds of the perchlorate- 
permanganate type. This limitation we now realize to be an inevitable 
result of the atomic structures; but it makes it desirable to treat the two 
sections of Croup VII separately. 

The Halogens, F, Cl, Br, I, At 

The chief characteristic of these elements is theii* marked univalency, 
which is due to the atom having one electron less than the next inert gas. 
The most important classes of compounds of all these elements are (a) the 
simple univalent anions, and ( 6 ) the 1-covalent compounds. As the size of 
the atom increases we find, as we should expect, that the second class ( 6 ) 
tend to become more important than (a). 

Apart from these compounds, the covalency can be increased by co¬ 
ordination, and further, with all but fluorine, the valency group is capable 
of expansion. The actual distribution of covalency maxima among the 
halogens is remarkable ; it is as follows, the theoretical maxima being 
added in brackets: fluorine 1, or at most 2 (4); chlorine 4 ( 6 ); bromine 5 in 
BrFg, otherwise 3 ( 6 ); iodine 7 ( 8 ). Fluorine never, so far as we know, 
exceeds a covalency of 2 ; it only attains this in the polymerized hydrogen 
fluoride, and only if a hydrogen bond is a covalency; in aU other non- 
ionized compounds apart from possible resonance forms its covalency is 1 . 

In chlorine, on the other hand, where the maximum valency group is 12 , 
it is only very rarely that a group of more than 8 is found, perhaps only in 
the unstable salts of the anion CI 3 , and in chlorine trifluoride CIF 3 . But 
by co-ordination as donor the octet of chlorine very readily reaches a 
covalency of 4, as in the very stable perchlorates. 

In bromine again the expansion of the octet is very rare, and seems to 
be confined to the tri- and pentafluorides BrFs and BrF 3 , and certain 
perhalide ions as and BrCl^; but here the limit of the covalency appears 
to be less than in chlorine, and seldom exceeds 3 : the bromates are formed 
but not the perbromates. This is another example of the limitation of the 
covalency in the first long period, as we have already seen in chromium, 
arsenic, etc. 
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In iodine, as we should expect, high covalencies are frequent, rising to 
6 in HglOe and 7 in the heptafluoride IF,. 

The differences in this series of elements are distributed in the usual 
way; chlorine and bromine are very similar to one another, but differ 
markedly from fluorine on the one side and iodine on the other. The 
changes in physical constants as we go along the series are shown in the 
Table which follows; the various heats of linkage (heats of formation from 
the atoms)^ are given, and for each halogen the mean A—hal of all the 
known values for the covalent links that it forms. 



F 

Cl 

Br 

I 

At. wt. 1948 . 

19000 

35-457 

79-916 

126-92 

Rad. of atom 

0-64 

0-99 

1-14 

1-33 A.U. 

Rad. of ion (V.M.G. 1927) 

1 33 

1-81 

1-96 

2-20 „ 

Electron affinity® . 

98-5 

92-6 

87-1 

79-2 

(k.cak./atom) 

B. pt. .... 

--187-9° 

-34 11° 

4-58-8° 

187° 

M. pt. . 

-223° 

-101-04° 

-7-3° 

113-7° 

Abundance g./toii, crust . 

270 

480 

[ca. 30] 

0-3 

Colour .... 

Pale yellow 

Green-yellow 

Brown 

Violet 

Thermain.OOO^ K. 

Y 

0-035% 

0-23% 

2-8% 

Dissocn.j 2,000° K. 

? 

^2% 

72 - 40/0 

89-50/^ 

Normal potl, to H 

~f-2-8 V. 

-fl-36v. 

4-1-08 V. 

+ 0-58 V. 

Mob. of ion/18° 

46-6 

65-5 

67-6 

66-5 

D.E.C. liquid 

Condy. liq. in mhos at 

1*56/-184° C. 

1-94/10° 

3-15/25° 

11-08/118° 

m. pt. . . . 


10”i« 

o^xlO-i*^ 

5-2x10-^ 

Trouton constant . 

Soly in water 

18'8 

20-4 

21-9 

22-9 

g./lOO g. 20°, 1 atm. 
Heats of linkage 

(reacts) 

0-59 

3-6 

0018 

1 

Hal—hal . 

33-3 

57-8 

53-8 

51-2 k.cals. 

A—hal 

86*4 

800 

65-5 

52-0 




As usual the heat of linkage to hydrogen falls off (132-4, 102 - 7 , 87-3, 71-4) 
comparatively rapidly as the atomic weight of the halogen increases. In 
every case, with one significant exception (F—F; see note, p. 1146), the 
values fall for any given element from fluorine bo iodine. The stabihty of 
the HXOg acids (‘ate’) is in the order IO 3 > BrOg > ClOg. The readiness 
to form oxides is greatest with iodine, and the iodine oxides are by far the 
most stable; but the next readiest is chlorine, of which at least four oxides 
are known, which are easy to make, although they are very unstable. 
Until a few years ago it was thought that fluorine and bromine could not 
form oxides at all. This is now known to be untrue, but the oxides are 
difficult to make, and most, though not all, of them are very unstable. 

Fluorine differs in so many respects from the other halogens that it will 
be convenient to treat it sepa^tely first, and then discuss chlorine, 
bromine, and iodine together. 


^ Pauling, Chemical Bond^ p. 341. 


* See Introduction, p. xxxi. 
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FLUORINE^^^ 

Fluokine is in some ways the most interesting of the halogens. It is 
almost as widely distributed in the earth’s crust as chlorine itself. Accord¬ 
ing to V. M. Goldschmidt^ the proportions in grammes per ton (parts per 
mUhon) are F 270, Cl 480, making the former 56 per cent, of the latter. 
In sea-water the proportion of P to Cl is very small, about 7 x 10 “^.® In 
spite of this our knowledge of the properties of fluorine was until lately 
very scanty, and is still small in comparison with its interest and its 
abundance. This is mainly due to two causes. Firstly, the enormous 
affinity of fluorine for silicon makes both free fluorine and fluorine ion 
attack silica and silicates, so that vessels of glass or quartz cannot be used 
in working with them ; in experiments involving elementary fluorine, since 
this attacks many metals, the choice of containing vessels is still further 
limited. Certain metals, especially platinum and copper, can be used if 
the temperature is not too high, as they become covered with a protective 
film of fluoride; for higher temperatures the vessels can be made out of 
powdered fluorite CaF 2 ’; sintered corundum AlgOg can also be used; the 
fluorine acts on this superficially, but the AIF 3 layer formed, not being 
volatile, protects the AI 2 O 3 from further attack.® Secondly, the quantita¬ 
tive estimation of fluorine is of great practical difficulty, owing to the 
absence of suitable insoluble fluorides, and the great solubihty of the 
silver salt. This deficiency of knowledge about the coraipounds of fluorine 
has been to a considerable extent made up during recent years, especially 
by the work of Ruff on the inorganic compounds, and that of Swarts, and 
recently Midgley and his collaborators, on the organic. 

The most remarkable characteristics of fluorine, which it is not always 
easy to refer to a common cause, are: 

1 . Its extreme electronegativity. 

2 . Its large heat of ionization, and of covalency formation (Table VI B, 
p. xxxi). Where the heats of linkage A —F and A—Cl are both known for 
the same element A, A —F is on the average 15 k.cals. greater than A —Cl. 
Since the heat of linkage in the molecule of elementary fluorine is only 
33-3, 24*5 k.cals. less than in CI 2 (57-8), it is obvious why fluorine has such 
an enormously greater chemical activity than the other halogens. In 
particular, its links to boron, hydrogen, silicon, and carbon are among the 
strongest of known covalent bonds. 

3. Its low covalency, never, so far as we know, exceeding 2 , and per¬ 
haps never reaching it. 

4. Per contra^ fluorine has tendency to bring out the highest covalency 

* H. J. Emeleus (J.C.S. 1942, 441) has a general lecture on Fluorine. 

* For an account of fluorine chemistry in general, especially on the technical 
side, see J. Ind. Eng, Chem, 1947, 39, 236-434. 

® J.O.aS. 1937, 656. 

® T. G, Thompson and H. J. Taylor, J, Ind, Eng, Chem, (Anal.)y 1933, 5, 87, 

O. Ruff and A. Riebeth, Z, anorg, Chem, 1928, 173, 373. 

* O. Hennebohn and W. Klemm, ib. 1936, 229, 340. 
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of the atom to which it is attached, as we see in [HFg]”, [SiF^] , SPe, and 
OsFg. The only known compounds of the types MAg and MA 7 are OsFg 
and IF7, the only compounds of the type MAg in which A is not fluorine are 
TJCle, WCl^, and probably WBrg. This pecuharity is no doubt connected 
with the small size of the covalent fluorine atom (two-thirds of chlorine and 
less than half of iodine), and with the large heat of linkage A—S’. 

5. The weakness of the true (as well as the apparent) acidity of hydrogen 
fluoride, and its remarkable tendency to polymerize. 

6 . The abnormal solubilities of many of its salts as compared with those 
of the other halogens, as, for example, wdth silver and the alkaline earths, 

7. The tendency for the fluoride to be ionized w hen the other halides are 
not, as wdth aluminium, f in, mercury, eb*. This results on P’ajans’ prin¬ 
ciples from the small size of the flur>rine ion ; biit the magnitude of the 
effect is remarkable. 

The differences to be expected from the structure of fluorine and its 
position in the periodic table are those due to its small size, and the limita¬ 
tion of the valency grou]) to 8 , w^hich latter cuts out a series of types of 
compound formed by the heavier halogens; but these are clearly insuffi¬ 
cient to explain all the differen(‘es observed in practice. Often the most w e 
can do is to emphasize and collect the j)eculiarities, in the hope that they 
will some day be explained. 

ElemenUiry FI no tine 

[For physical properties see Table, p. 1098]. 

Fluorine was of course not isolated until long after the other halogens.* 
Its affinity for other elements is so strong t/hat it can only l)e separated 
from its com})ounds by the most vigorous means, and even then, unless 
special precautions are taken, it wdll combine wdth its surroundings. Free 
fluorine is ])roduced in a few reactions, as by the action of heat on the 
double lead fluoride K 3 Pbp 7 (which can be made from lead dioxide and 
potassium fluoride), or on AgFg, PtF^, OsFg, C 0 F 3 , etc.; but either the 
yields are small, or the decomposition temperature is so high that no con¬ 
taining vessel will resist the fluorine, or the compounds themselves can 
only be made by the use of elementary fluorine; so that the only practical 
method of preparing it is by means of electrolysis. It was by this method 
that fluorine w^as originally isolated by Moissan® in 1886, by electrolysing 
a solution of potassium hydrogen fluoride KHFo in hydrogen fluoride at a 
low temperature (about —25'") wdth platinum electrodes. All the subse¬ 
quent methods of preparation are based on this, though the details have 
been modified^® Moissan used not more than 25 per cent, of KHFg in HF 

* The discoverers, and dates of discovery, of the free halogens are: fluorine, 
Moissan, 1886; chlorine, Scheele, 1774; bromine, Balard, 1826; iodine, Courtois, 
1811, 

* H. Moissan, CM, 1886, 102 , 1543; 103 , 202, 256. 

See O. Ruff, Ber. 1936, 69 , A 181, a general lecture on fluorine from which 
much of this is taken. 
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at —23° to —30°, with platinum electrodes: others have used KH 3 F 4 
(m. pt. 66 °) at 50-200° with a nickel anode (Lebeau,^^ Cady^^) (this method, 
at as low a temperature as possible, is probably the best): or KHFg (m. pt. 
227°) at 240-250° with a copper cathode and a graphite anode.Dennis^^ 
avoided a diaphragm by using a V-shaped copper vessel; this was modified 
by Henne.^^ 

Physical Properties of Elementary Fluorine 

(and see p. 1098) 

Concordant measurements of electron diflYaction^®'^® show the F—F 
distance to be 1-44J^0-01 A, giving the (purely covalei;t) i:*,dius as 
0*72 A, 12 per cent, longer than that (0*64) derived from its compounds, 
where the link is partly ionic. The D.E.C. is 1-56 at —183°; the dipole 
moment is zero.‘^^ A saturated solution of [soUd] chlorine in liquid fluorine 
at —195° contains 1*04 per cent. Clg-^^ 

Chemical Properties of Fg 

Fluorine is quite exceptionally reactive. It is the most electronegative 
of the elements; the ion has the strongest electroaffinity; its heat of 
hydration is greater than that of any other halogen ion, or of any alkaline 
cation. 

Solid fluorine explodes when brought in contact with liquid hydrogen 
at —252*5° C,* Fluorine has no action on oxygen or ozone, on the rare 
gases, or on nitrogen; otherwise it reacts with practically all elements, 
though some of them must be heated, because the fluorine forms a pro¬ 
tective layei* of fluoride on the surface. 

Fluorine reacts with water with the utmost ease, giving oxygen mixed 
with ozone, hydrogen peroxide, and apparently other oxidizing substances 
which have not yet been isolated.The solution of fluorine in water or 
alkahne solutions is a very strong oxidizing agent. 

Both elementary fluorine and, rather surprisingly, fluorine ion are highly 

* It will be shown later, however (p. 1102), that in the complete absence of cata¬ 
lysts this does not happen. 

P. Lebeaii and A. Damiens, C,R, 1925, 181, 917. 

G. H. Cady, J.A.C.S, 1934, 56, 1431. 

W. L. Argo, F. C. Mathers, B. Humiston, and C. O. Anderson, J. Phys. Chem, 
1919, 23, 348. 

F. Meyer and W. Sandow, Ber, 1921, 54, 769. 

G. H. Cady and J. H. Hildebrand, J,A.C,S. 1930, 52, 3839. 

K. Fredenhagen, D.R.P. 493, 873 (1928). 

L. M. Dennis, J. M. Veeder, and E. G. Rochow, J.A,C,S. 1931, 53, 3263. 

A. L. Henne, ib. 1938, 60 , 96. L. O. Brockway, ib. 1348. 

M. T. Rogers, V. Schomaker, and D. P. Stevenson, ib. 1941, 63, 2610. 

E. Kanda, Bull, Chem. Soc. Japan, 1937, 12 , 458. 

K. Fajana, Naturwiss. 1921, 9 , 733. 

See F. Fichter and W. Bladergroen, Hdv. Chim, Acta, 1927, 10 , 649, 656, 569, 
560; F. F. and E. Brunner, J.C,S. 1928, 1862; Hciv. Chim. Acta, 1929, 12 , 214, 306; 
F. F. and A. Goldach, ib. 1930. 13 , 378. 
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poisonous.^^"® It is said, however,that fluorine ion in concentrations less 
than 1 p.p.m. in the water-supply is not harmful to health, and may even 
be beneficial. 

Of the compounds of fluorine many have already been dealt with under 
the other elements they contain. But there remain to be discussed 
(1) hydrogen fluoride and its salts, (2) organic compounds with fluorine 
attached to carbon, and (3) the oxides of fluorine. 

HYDROGEN FLUORIDE 

This is one of the most remarkable of the compounds of fluorine, and in 
some ways it is unique. The action of hydrogen fluoride as a catalyst in 
organic reactions is discussed below (p. 1132 ), in the C —F section. 

The affinity of hydrogen for fluorine is very great; the heat of formation 
of the H—F link (132*4 k.cals.)^^ is probably greater than that of any other 
single link, with the exception of B—F (140*6 k.cals.); even the double 
link only involves 146 k.cals. 

Moissan and Dewar found that when solid fluorine is brought in contact 
with liquid hydrogen at —252*5^ (F 2 , m. pt. —223''; H 2 , b. pt. — 252*7°) it 
explodes. The heat evolved by the combustion of one litre of the gases in 
question is for Hg-f-Fa 2,860 cals., for H 2 +CI 2 980 cals., for H 2 and 
O 2 1,740 cals., roughly in the ratio 3:1:2. 

At the same time there is evidence that the combination does not pro¬ 
ceed at all rapidly in the absence of catalysts. Eyring has shown-^ that 
even at the ordinary temperature the two gases on mixing do not normally 
react; but occasionally, especially in the presence of impurities, they 
explode violently. Theory would lead us to expect a heat of activation of 
50 k.cals., while a chain reaction, like that between hydrogen and chlorine, 
should not begin below 150°. These conclusions are supported by Boden- 
stein who found^^ that in magnesium vessels at the ordinary temperature 
there is practically no reaction even in ultraviolet light, not even when 
chlorine is added. This supports the view that the reaction, exactly like 
those of chlorine and bromine, goes through the atoms, but that the 
reaction chains are exceptionally easily broken on the walls of the vessel. 
It must be remembered that the reaction between hydrogen and chlorine 
is rapid only because of the great length of the reaction chains. 

Hydrogen fluoride is commonly made by the action of strong sulphuric 
acid on calcium fluoride in lead vessels. But for its preparation in quantity 
it is better to heat the ‘acid’ fluoride KHFg.^® As it is very difficult to 

2 * See E. Deussen, Deutsch. Z.f. ges, Med. 1923, 2 , 14. 

See K. Roholm, Fluorine Intoxication (especially among cryolite workers), 
Lewis and Co., London, 1937. Reviewed in Nature, 1937, 140 , 483. 

M. S. Nichols, Amer. J. Public HeaUh, 1939, 29, 991. 

H. V. Wartenberg and H, Schiitza, Z. anorg. Chem. 1932, 206 , 65. 

a® H, Eyring and L. S. Kassel, J.A.G.S. 1933, 55, 2796. 

M. Bodenstein and H. Jokusch, Z. anorg. Chem. 1927, 231, 24. 

For details of its preparation in quantity see W. Klatt, ib. 1936, 222 , 236. 
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dehydrate the acid, the anhydrous substance is best prepared by first 
dehydrating the salt KHFg by electrolysis.®^ The apparatus for working 
with it should be made wholly of metal, and by preference of platinum, 
gold, or silver. The pure acid produces very painful and dangerous 
wounds on the skin, which, however, can be healed if they are immediately 
treated with magnesium or calcium hydroxide.®®"® 

Physical Properties of Hydrogen Fluoride^~^^ 

These are some of the more important (with the water values added for 
comparison): b. pt. +19*54° C.^®; m. pt. —83*7°^®; crit. temp. 230-2°®^ 
(water 374°). Heat of fusion 1*094 k.cals. for 20 g. (water 1*44 k.cals./18 g.). 
Heat of evaporation of HF^®: (1) to saturated vapour (HF) 3.5 1*78 k.cals., 
(2) to monomeric HF gas 7*80 k.cals., for 20 g. (water 9*70 k.cals. for 18 g.); 
Trouton 26*6 (water 26*0). For its thermodynamic values generally see 
reference For the spectra see Diamagnetic susceptibility ®®. The 

viscosity is 0*570 centipoises at —50°, and 0*256 at 0°, almost the same as 

J. H. Simons, Chem. Rev. 1931, 8, 213. 

32 K. Fredenhagen and M. Wellmann, Z. arujew. Chem. 1932, 45, 537. 

33 W. Klatt, Z. anorg. Chem. 1935, 222, 238. 

34 J. H. Simons, J.A.C.S. 1924, 46, 2179. 

33 J. H. Simons and J. H. Hildebrand, ib. 2183. 

33 R. T. Birge and O. R. Wulf, Phys. Rev. 1928, ii. 31, 917. (Theory for the hydro¬ 
gen halides, based on the energy levels.) 

3’ P. A. Bond and D. A. Williams, J.A.C.S. 1931, 53, 34. (Critical temperature.) 

3 3 J. H. Simons and J. W. Bouknight, ib. 1932, 54, 129. (Density and surface 
tension.) 

3» J. Dahmlos and G. Jimg, Z. physikal. Chem. 1933, B 21, 317. (Heat values.) 

K. Fredenhagen, G. Cadenbach, and W. Klatt, ib. 1933, 164, 176. (Some phy¬ 
sical properties, but mainly on HF as a solvent.) 

41 K. Fredenhagen, Z. anorg. Chem. 1933, 210, 210. (Vapour density and heats 
of evaporation.) 

42 K. Fredenhagen, W. Klatt, H. Kimz, and U. Butzke, ib. 1934, 218, 161. 
(Dissociation isotherms at the ordinary temp€^rature: heats of dissociation.) 

43 G. Briegleb, Z. physikal. Chem, 1942, B 52, 368. (Same subject.) 

44 H. O, Salant and D. E. Kirkpatrick, Phys. Rev. 1934, ii. 46, 318. (Rotation 
spectrum.) 

4^ Id., ib. 1935, ii. 48, 945. (Same subject.) 

4« G. H. Cady, J.A.C.S. 1934, 56, 1431. 

4^ K. Fredenhagen and J. Dahmlos, Z. anorg. Chem. 1928, 178, 272. 

S. H. Bauer, J. Y. Beach, and J. H. Simons, J.A.C.S. 1939, 61, 19? 

F. Gunther, K. Holm, and H. Strunz, Z. physikal. Chem. 1939, B 43, 229. 

Id., ib. B 44, 474. 

“ G. M. Murphy and J. F. Vance, J. Chem. Phys. 1939, 7, 806. 

” P. Ehrlich, Z. anorg. Chem. 1942, 249, 219. 

N. B. Hannay and C. P. Smyth, J.A.C.S. 1946, 68, 171. 

A. J. Weith, M. E. Hobbs, and P. M. Gross, ib. 1948, 70, 805. 

“ H. A. Benesi and C. P. Smyth, J. Chem. Phys. 1947, 15, 337. 

*• K. A. Oriani and C. P. Smyth, J.A.C.S. 1948, 70, 126. 

A. M. Buswell, R. L. Maycock, and W. H. Rodebxish, J. Chem. Phys. 1939, 7, 

866 . 

Id., ib. 1940, 8, 362. ** A. L. Wahrhaftig, ib. 349. 

*» L. A. Woodward and H. J. V. Tyrrell, Trans. Far, Soc. 1942, 38, 513. 
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that of ethyl ether.The dielectric constant is 174*8 at —73^, 

(water 87*9/0°). 

The electron diffraction of the vapour^® indicates that there are no 
6 -rings, but zigzag polymers, probably of several kinds. Distances are: 
in monomeric HF l*00Jt:0*06 (theory 0*94); F -H- F 2*55J-0*03; angle 
F* •F* *F 140J::5° ; the hydrogen atoms are within IT)"’ of the line joining 
the atoms. Debye-Scherrer photographs of solid HF at 
indicate tetragonal crystals, with 4 [HFJ 4 molecules in the unit cell. Each 
[HFJ^is a zigzag with F- H • *F 2*7 A, and the F***F-F angle about 134°.®2 

Measurements of the dielectric polarization of the monomeric gas at 
lower pressures and higher temperatures gives p, ^ 1*91 D**^^*^; very 
similar values are got in non-polar solvents.^ As the pressure iiuTf^ases a 
mixture of open-chain polymers (not one only) is formed^^; but there are 
signs that cyche non-polar polymers are produced at still higher pressures. 

Clusius^"® has shown that the specific heats of solid HF (like those of 
NH 3 and HgO, and unlike those of HCl, HBr, HI, PH 3 , and Hj> 8 ) do not 
indicate that at any temperature the oscillations (whicdi seem to be those 
of HgFg molecules) pass into rotations. 

Electrical Conductivity. The lowest value reached^’ was l*4x 10 ~^ reci¬ 
procal ohms; this was only obtained when special precautions were taken 
to secure purity; but probably the true conductivity is much less than 
this, and more of the order of that of w^ater (4x H)~^); there are obvious 
difficulties in the purification, and the affinity for water in ])articular is 
enormous, the partition coefficient at low water concentrations for water 
between liquid and gas being greater than 100 , 000 , and in hydrogen 
fluoride water acts as a strong electrolyte. 

Hydrogen fluoride is miscible with water in all proportions, evolving 
much heat. The heat of mixture of HX with 400 HjjO is in k.cals./HX. 

HX - HF HCl HBr H I 

11*6 17*2 19-9 19-2 

But in solvents such as hydrocarbons its solubility is vfu y small, even near 
its boiling-point. Thus in benzene and octane at 25° with HF vapour at 
1 atm. pressure, the solubilities are as follows®® (the normality in the gas, 
with a mean molecular weight of (HF) 3 . 45 , is 0*045): 



Benzene 

n-Octane 

Grammes HF/litre . 

1-50 

0*42 

Norm, of soln. 

0 0217 

00061 

Partn. *. soln./gas 

0-486 

0137 


K. Fredenhagen and G. Cadenbach, Z. anorg. Chcm. 1928, 178, 289. 

For a theoretical discussion of the configuration and potential energy of the 
(hypothetical) gaseous HgFg, see G. E. Evans and G. Glockler, J. Chem. Phys. 1948, 
16, 325. 

J. H. Simons and R. D. Dresdner, J.A.G.S. 1944, 66, 1070. 

K. Clusius, Z. Elektrochem. 1933, 39, 598. 

K. Clusius, K. Hiller, and J. V. Vaughen, Z. physikal. Chmx, 1930, B 8, 427. 

J. H. Simons, J.A.C.S. 1931, 53, 83. 




1105 


Hydrogen Fluoride in Water 

Hydrogen fluoride is more highly associated than any other known sub¬ 
stance. Prom the vapour-pressure measurements of Thorpe and Hambly,®’ 
confirmed and extended by Fredenhagen,'*^"^ it appears that at 1 atm. 
pressure and 19*5'" (tlie }>. j)!. of the liquid) hydrogen fluoride has in the 
vapour an association factor of 3*45, but that it is converted practically 
entirely into single H F molecules if either the pressure is lowered at this 
temperature of 19-5” to 20 mm., or the temperature is raised at 1 atm. to 
80"^ C. The heat absorbed when 20 g. of the vapour (of mean association 
factor 3*45) is converted wholly into moJU)meric HP is 6*02 k.cals.^^ 
Various ring-])olymers have been suggested, such as and 

fl 4 P 4 ,®^ but none of them could be confirmed,and the electron dif¬ 
fraction results already nuiniioned**^ are all in favour of the vapour con¬ 
taining only a series of open-chain polymers, as was originally suggested 
by K. Baur in 1904.’^’ “ An examination of the solid hydrates of HP has 
only given the series 1 HgO-f 1, 2, and 4 HF.®^ In view of the undoubted 
existence of [HP 2 ] ions in solution in water, it should be noticed that 
Kredenhagen’s results^’ give no indication of any special stability of a 
double jKdymcr li 2 P 2 - 

The state of liquid hydrogen fluoride, which is obviously polymerized, 
wall be discussed later. That of the solid has been discussed already 
(p. 1104). 

Hydrogen Fluoride in Water 

The behaviour of hydrogen fluoride as an acid in aqueous solution has 
been the subject of numerous investigations,'^^' and is very remarkable. 
It is certainly a weak acid, in the sense that in decinormal solution it is 
only some 10 ])er cent, ionized. But the dissociation constant calculated 
from the conductivity measurements falls continuously with dilution. It 
was shown by Pick’^'^ that these results could be explained by assuming 
that the solution contains, in addition to the monomeric HP and its ions 

and F~, the ions P.,H“ as the anions of a strong acid, i.e. without there 
being any undissociated HPgH present. This agrees with the great 
stability of the ‘acid’ fluorides, such as KHFg. We thus have two equi¬ 
libria, (a) between the undissociated monomeric acid HP and its ions: 

HP + P~ 

T. E. Thorpe and F. J. Hambly, J.C,S, 1889, 55, 163. 

J. F. T. Berliner and R. M. Hann, J, Phya, Chem, 1928, 32, 1142. 

G. H. Cady and J. H. Hildebrand, J.A,C,S, 1930, 52, 3843. 

’0 R. W. Long, J. H. Hildebrand, and W. E. Morrell, ib. 1943, 65, 182. 

E. Baur, Z. physikal, Chem, 1904, 48, 488. 

8ee further J. Kreuzer, ib. 1943, B 53, 213. 

H. Pick, Nemat Fertachrift (Z, phya, Chem.), 1912, 360. 

C. W. Davies and L. J. Hudleston, J.C.S. 1924, 125, 260. 

J. D. C. Anthony and L. J. Hudleston, ib. 1925, 127, 1122. 

K. Fredenliagen and M. Wellmann, Z. phyaikal. Chem, 1932, 162, 454. 

W. A. Roth, H. Pahlke, A. Bertram, and E. Bdrger, Z, Elektrocheni, 1937, 43, 

350 . 
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giving the equation — 

and (6) between the F”* ion and its complex with HF 

F” + HF FgH" 

[F~].[HF] 

For Ki Pick obtained the value 7*2 x lO"*^; for jfiTg 5*5. Pick’s conclusions 
were entirely confirmed by Daviesfrom the transport numbers in aqueous 
hydrofluoric acid, and by Anthony and Hudleston^® from the freezing- 
points of solutions of HF in water. For the second equilibrium constant 
A *2 they got the value 4*7, so that we may take the mean value 5*1 as being 
very near the truth. Measurements by Roth’’ of the heats of dilution of 
aqueous solutions of HF have further confirmed these conclusions.’® 
E.M.F. measurements in concentration cells have given the fairly con¬ 
cordant values Ki 6*7 x 10"^, K 2 3*96.’® 

We may, therefore, take it that in water hydrogen fluoride is present 
partly as the strong (completely dissociated) acid H[F 2 H], with an equi¬ 
librium constant 5*1 for the formation of the anion from F” and HF: and 
partly as a half-strong acid HF, with an Ostwald dissociation constant of 
7*2 X lO""^, about half as strong as monochloracetic acid (K = 15*5 X 10"^). 
The proportions of these various molecular species present in water at 
various concentrations are given below, bemg expressed (1) as normalities, 
and (2) as percentages of the total stoichiometric concentration of hydrogen 
fluoride. 



HF 

F" 1 


H+ 

Total stoich. \ 
norm, of HF; 

norm. 

% 

norm. 

% 

norm. 

% 

norm. 


0*100 

0*088 


88 

0*006 

6 

0*003 


3 

0*009 


1000 

0*890 


89 

0*010 

1 

0*050 ! 


5 

0*060 



/o 


9 

6 


These relations are very peculiar, and are not found in any other known 
substance. In the first place the weakness of the simple acid HF is in 
startling contrast to the behaviour of the other halogen acids HCl, HBr, 
and HI, which are all strong electrolytes. This contrast agrees with the 
observation that the solubilities of the alkaline halides all fall as we go 
from lithium to caesium, except for the fluorides, where the change is in 
the opposite direction, as it is with the alkaline salts of all weak acids 
(see p. 95). This much greater relative stability of the covalent form in 
hydrogen fluoride is presumably connected with the much greater heat of 
formation of the link (H—F 132; H—Cl 103; H—Br 87; H—I 71 k.cals.). 
This weakness of HF as an acid is perhaps its most remarkable charac¬ 
teristic. But the occurrence of [FgH]^, the anion of the dimeric acid, is 


’8 H. J. Broene and T. De Vries, J.A.G,S, 1947, 69, 1644. 
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almost as remarkable, for two reasons. Firstly, it shows the very strong 
tendency of the fluorine ion r“ to take up HF, that it will do so in prefer¬ 
ence to water even in dilute aqueous solution. Thus, in the decinormal 
solution above, where a third of the total ionized fluorine is thus combined, 
the stoichiometric concentration of HgO is more than 600 times that of 
HF. Secondly, while HF is found to be weak acid, weaker than mono- 
chloracetic, H[F 2 H] is as strong an acid as hydrochloric. Whj^ the ten¬ 
dency of the link in H—F to ionize should be so much increased by the 
combination of the fluorine with another HF molecule in H[F'--H—F] we 
do not know. 

This peculiar method of ionization of hydrogen fluoride in water is of 
special interest in relation to the very singular properties of hquid hydrogen 
fluoride as a solvent, which are discussed in the next section. For the 
boiling-point curves of the system HF—H 2 O see Fredenhagen.®® 

Liquid Hydrogen Fluoride 

The condition of hydrogen fluoride in the hquid state is very difiicult to 
determine. It is undoubtedly polymerized or associated, as is shown, for 
example, by the high boiling-point, more than 100° higher than that of 
hydrogen chloride (-—85°). This association (which is necessary in view of 
the association of the vapour) is supported by many other properties: by 
the high molecular heat of fusion,®® by the small temperature coefficient 
of the surface tension (Eotvos constant): by the low and inconstant value®® 
of the parachor, which is 34 at —80° and 36 at +20° (theory 42-8); the 
parachor values for associated liquids are usually low, and, as we should 
expect, rise with the temperature. Fredenhagen claims^^ to have deter¬ 
mined the association factor as 3*5 from the elevation of the boiling-point 
by dissolved substances, but this of course gives the association not of the 
liquid but of the vapour, for which it provides a useful confirmation of the 
value (3*45) obtained (p. 1105) from the vapour density. 

Liquid Hydrogen Fluoride as a Solvent 

The behaviour of liquid hydrogen fluoride as a solvent is very remarkable 
and instructive; we owe our knowledge of it mainly to the work of 
Fredenhagen and his collaborators during the last twenty years. 

For the theory of the formation of this ion see M. Davies, J, Chem, Phys. 1947, 
15, 739. 

H. Fredenhagen and E. Kerck, Z. anorg, Chem, 1944, 252, 280. 

K. Fredenhagen and G. Cadenbach, ib. 1929, 178, 289. 

Id., Z, physikaL Chem. 1930, 146, 245. 

P. A. Bond and V. M. Stowe, J.A.C.S. 1931, 53, 30. 

K. Fredenhagen, Z. Elektrochem. 1931, 37, 684. 

K. Fredenhagen, G. Cadenbach, and W. Klatt, Z. physikaL Chem. 1933, 164, 

176 . 

K. Fredenhagen and G. Cadenbach, ib. 201. 

W. Klatt, Z. anorg. Chem. 1936, 222, 225. ®® Id., ib. 289. 

®® Id., ib. 1937, 232, 393. A. Hantzsch, Ber. 1930, 63, 1789. 

H. Fredenhagen, Z. anorg. Chem. 1939, 242, 23. 
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If the solvent power and the ionizing power of a liquid depended on its 
physical properties alone, we should expect to find a close parallel between 
hydrogen fluoride and water, both associated, and with nearly the same 
very high dielectric constant (83*6 and 87*9 at 0°). As a fact,®® although 
liquid hydrogen fluoride surpasses even water in its ability to dissolve 
organic and inorganic compounds, and to form highly conducting solutions, 
its behaviour is in many ways quite difierent from that of water. This is a 
conclusive proof, as Fredenhagen says, that the power of a hquid to bring 
about both solution and ionization is not wholly determined by its 
physical properties, but depends on its chemical behaviour as well, and 
especially on its chemical reactions with the solute. The facts are as 
follows. 

Of all those substances, both organic and inorganic, which will dissolve 
in any solvents in the cold—of which the natural solubility is not too 
small—a very great majority will dissolve in liquid hydrogen fluoride, 
often to a large extent; in this respect it is a better solvent than water. 
Nearly everything which dissolves to more than a minute extent gives a 
solution of high and often very high conductivity, sometimes greater than 
that of the potassium halides in water; this is true of neutral organic 
substances such as alcohols and aldehydes as well as of salts, and also of 
water. 

The cations present in these conducting solutions may be of the most 
diverse kinds, far more so than in water, including such ions as [CHg • 
and [ngNOg]"^, but, in striking contrast to the behaviour of aqueous 
solutions, there is with very few exceptions only one kind of anion that 
can exist in a solution in liquid HF, and this is the anion derived from the 
solvent (as though the only anion in water was hydroxyl). This anion is 
always assumed to be [F]“, but it is important to notice that, in view of the 
strong tendency of the fluoride ion to take up HF and form [FgH]”, it 
must be assumed to be this 'acid fluoride’ anion [FgH]". For simphcity, 
however, we may usually write it as [F]”", as we write [H]'^ in water for 
[HaO]^ 

A very few substances, mainly organic, will dissolve in hydrogen fluoride 
without ionization, but nearly all solutes conduct, and with these the 
following types of reaction occur. 

1. With inorganic fluorides there is simple ionization to give M^+F”. 

2. Salts of other acids (and hydroxides) are converted into fluorides 
with liberation of the acid (or of water): 

MA + HF - + F~ + HA. 

The HA so liberated may either (a) be insoluble in the liquid and so be 
evolved (HCJl, HCN, etc.), or (6) if it is an oxy-acid it nearly always forms 
an oxonium ion such as [HaNOg]^: thus with KNOg 4 ions are produced: 

KNOg + 2 HF - K+ + HgNOj + 2 F“. 

3. With water or organic oxygen compounds similar oxonium fluorides 
are formed, such as [HgOJ^+F'; alcohols, ketones, etc., as well as some 
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organic cornpounda free from oxygen, behave in the same way; with 
organic compounds the ionization is not always complete. 

4. With a very few exceptionally strong oxy-acids and their salts (such 
as perchlorates) the anions remain as such in the solution. 

5 . Some acids react further with the solvent; thus sulphuric acid gives 
HSOgF and chromic Cr 02 F 2 . 

These various cases may be considered further. 

Solutes which form non-conducting solutions include®'**^® acyl fluorides, 
some nitriles, trichloracetic acid (acetic acid ionizes), and some hydro¬ 
carbons such as benzene, as well as a few presumably covalent inorganic 
compounds such as mercuric cyanide and azide, and silver azide. 

1 . Metallic fluorides.®^® Those of monatomic metals dissolve easily 
(KF 88 g. in 100 c.c. solution at 0 ®; LiF 5*8 g., 20 times as much as in 
water); the order for the alkalies is Li < Na < K < Rb < Cs, the same 
as in water. Fluorides of divalent metals dissolve slightly, and those of 
trivalent not at all, except AIF3, which is very soluble. The MF salts 
behave as strong electrolytes, reaching a maximum molecular conduc¬ 
tivity of about 200 at about F ~ 40. 

2 . That other salts form fluorides with liberation of their acids is proved 
by the precipitation of the fluoride if it is insoluble, by the facts that the 
cation cannot be precipitated by the salts of other acids, and that a metallic 
fluoride will not neutralize the free acid as the hydroxide would in water: 

HA + MF - + A" -f HF; 

further the conductivity of the salt is the exact sum of the conductivities 
of equivalents of the acid and the fluoride. 

As to the behaviour of the acids thus liberated, (a) those wdiich are 
insoluble and so expelled include HCl, HBr, HI, HCN, and HN 3 . With 
HCl 0*1 g. KCl was dissolved®^ in 5 c.c. HF, with evolution of HCl. After 
a few seconds water w^as added and then AgNOgi no turbidity was pro¬ 
duced, though a concentration of 10 mg. to the litre would have caused it; 
at — 10 ” however, a supersaturated solution of HCl persists for a short 
time.**’ HBr and HI are similar,®^ and so are HCN and HN3, though some 
of their metallic derivatives dissolve without ionizing.®^ ( 6 ) The formation 
of oxonium ions by many oxyacids is shown by the conductivities (see 
below), which indicate that 4 ions are produced. With water it has been 
shown by E.M.F. measurement that its addition to HF increases the 
concentration of fluoride ions; the elevation of the boiling-point shows®® 
that [HgOJF has a dissociation constant of 0*06, so that in a normal solu¬ 
tion it is about 25 per cent, ionized. The nitronium cation [H 2 N 03 ]“^* 
was shown by Hantzsch to exist as nitrate in nitric acid, and to explain 
the high conductivity of the absolute (100 per cent.) acid. 

This has since been shown to be present largely in the nnhydiated form 
related to it as [H]^ is to [HjO]'*’ (see V. 690). 

W. Klatt, Z. physikaL Client. 1939. 185, 306. 

«« K. and H. Fredenhagen, Z. anorg. Chem. 1939, 243, 69. 
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3. For the behaviour of organic compounds in general see references 
84-5,87-9 Alcohols and phenols are only half-strong electrolytes, the former 
some 60 per cent, dissociated at about V = 500, and the phenols much 
less.®® Aldehydes, ketones, and alkyl ethers conduct well; carboxylic acids 
partly give oxonium ions R 002112 and partly acyl fluorides, which do 
not ionize.®® In the chloracetic acids the ionization falls off, and by 
trichloracetic has practically disappeared. 

Of the oxygen-free compounds, amines react violently to give fully 
dissociated fluorides. Thioalcohols and thioethers behave like the oxygen 
compounds. Of the hydrocarbons®^ the paraffins are insoluble, but ben¬ 
zene gives a colourless 2*2 per cent, non-conducting solution; anthracene 
gives a 3*1 per cent, green solution, whose conductivity indicates a 59 per 
cent, ionized salt. 

4. The salts of a few very strong acids (HCIO4, HBF4, and perhaps 
HIO4) can form their own anions in hydrogen fluoride, instead of going 
to F~-|-HC 104 , etc. The reluctance of the CIO4 ion to co-ordinate with 
hydrogen, which is the cause of its great strength as an acid, is apparently 
even greater than that of HF ; if HF could easily form HoF^ the pure acid 
would conduct owing to the presence of 

[H 2 F]+[F 2 H]- (as of [HaNOaldNOg] in HNO 3 ). 

But it seems that if a hydrogen ion, which cannot exist alone, has only the 
choice between combining with CIO" or HFg, it takes the latter. Hantzsch 
has shown®® that anhydrous perchloric acid will absorb HF vapour in 
the cold to give a colourless crystalline compound of the composition 
HF, HCIO4, m. pt. 56°, which must be [H - FH] • [CIO4] ; its high melting- 
point recalls that of the hydrate, m. pt. 50°, which is shown by X-ray 
analysis to be [HgO] • [CIO4]. The only alternative, [HoC 104 ]^F~ is very 
improbable, not only because HCIO4 is so reluctant to assume the covalent 
state, but also because such a salt would certainly be [H 2 CIO 4 ] • [FgH]. In 
the same way BFg combines with HF to give a salt of the composition 
and presumably the structure [H-FH]-[BF 4 ], very like the perchlorate. 
From the behaviour of periodates in HF it seems that HIO4 is similar. 

5. Several of the oxy-anions react further with HF, re})lacing OH by F; 
thus H 2 S 04 ®^ gives HSO3F, which dissolves without ionization; hence 
K 2 SO 4 is shown to give more than 4 (probably 5 or 6 ) ions: 

K 2 SO 4 -f 4 HF = 2 K+ + HSO 3 F + H 3 O+ -f 3 F “. 

In the same way chromates give Cr 02 F 2 . Chlorates and bromates, 
unless they are kept very cold, decompose with evolution of oxygen and 
chlorine dioxide or bromine. 

The experimental evidence for these conclusions is largely based on the 
conductivities (see especially the apparatus of Fredenhagen and Caden- 
bach®®). The molecular conductivity usually reaches a limit at about 
V = 40, and for a great many solutes (e.g. HgO, KF, AgF, EtOH, acetic 
acid) this limit is close to 260. This must mean that the mobility of the 
W. Klatt, Z. Anorg, Chem. 1937, 234, 189. 
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constant ion F“, or better FgH', like that of OH” in water, is much greater 
than those of the cations, so that the differences of the latter can be 
neglected. This enables us to tell how many ions are in the solution; 
with KNO 3 for example, the limit is 520 (4 ions). 

These values are on the whole in agreement with the results of the 
elevation of the boiling-point®'*; the constant (for 1 mole/1,000 g. HF) was 
found to be 1-91 as the mean of concordant results with benzoyl fluoride, 
benzonitrile, and trichloracetic acid, which dissolve without ionization. 
This value agrees well with the heat of evaporation of 6*15 k.cals. found®* 
for (HF) 3.46 at 19*5". 

To sum up. The behaviour of hydrogen fluoride as an ionizing solvent 
is mainly due to two factors: ( 1 ) its great tendency to form the very stable 
anion FgH , if the hydrogen ion of this acid H[F 2 H] can be found a place, 
and ( 2 ) the great reluctance of hydrogen ions to form a covalent link with 
a fluorine atom already attached to hydrogen, either in the neutral HF 
(or its polymers) or in the [F 2 H] anion, this last being the reason why 
H[F 2 H] is a strong acid. Hence there is a great tendency for any sub¬ 
stance which can take up a hydrogen ion (such as an oxygen compound 
that can go to the oxonium state), to take it up, even if (like a ketone) it is 
one which ordinarily does not do so. It is only when there is present a 
still stronger acid, i.e. one which is more reluctant than H[F 2 H] to 
co-ordinate with its hydrogen ion, that the [HgF]^ cation is formed. 

The almost com])lete insolubility of the other halogen hydrides in hydro¬ 
gen fluoride appears less unusual if it is remembered that they are unasso¬ 
ciated substances of low boiling-point (HCl will only dissolve up to 1-50 g. 
per litre in benzene at 25”^^), while hydrogen fluoride is })erhaps the most 
highly associated substance known. The anomaly is in this difference, and 
not in the solubility, which is merely the result of it. Hydrogen fluoride, 
with its high boiling-point and its high internal pressure, is a bad solvent 
for all non-associated substances that are not solvated by it; thus it is 
immiscible with paraffins. In much the same way HCl is only slightly 
soluble in H 2 SO 4 . A substance which does not itself associate is likely to 
be insoluble in so highly associated a liquid, and one which does associate 
with itself is likely to be able to take up a hydrogen ion, so that we can see 
why the acid liberated when a salt is dissolved in hj^^drogen fluoride nearly 
always is either expelled from the solution or converted into an oxonium 
cation. 

There still remains the question why the ion 



is so stable, and [H—F—H]"^ so unstable. Here it can only be said that 
this is in accordance with the general reluctance of fluorine to form a 
second covalency; the H of H—F must form a hydrogen bond w ith the F 
of another H—F in polymerized hydrogen fluoride, but w^e have no direct 

J. H. Simons, J.A.CJS, 1931, 53, 83. 

a 
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■ 4 * 

evidence of a definitely dicovalent fluorine atom either as A F A or 

A—F—B. The fact that fluorine directs substitution in benzene to the 
ortho-para positions like chlorine, does, however, suggest that it may have 
a resonance form 



like the ‘back co-ordinated’ form which certainly occurs with chlorine 



in which it is dicovalent. The firmness with which fluorine is attached to 
the benzene ring (p. 1131) points in the same direction. 

INOROAKIC FLUORIDES 

The simple derivatives of tlie four halogens are very similar to one 
another, but the fluorides are sufficiently different from the rest to deserve 
separate treatment. The main division of the halides is of course into 
ionized and covalent compounds. With the former, the boiling-points 
[and melting-points] are very high, and fall with increavse of atomic weight 
of the halogen, as the following values of the boiling-points [and melting- 
points] of the alkaline halides show: 


B. pt, diff. 
MF—MCI 

Fluoride 

Chloride 

Bromide 

Iodide 

-f288° Li 
-4-275^* Na 
+ 87° K 
+ 25° Rb 
- 70° Cs 

1,670° [840°] 

1,705° [992°] 

1,498° [846°] 

1,408° [775°] 

1,253° [684°] 

1,382° [606°] 

L430° [803°] 

1,411° [768°] 

1,383° [717°] 

1,303° [638°] 

1,310° [535°] 

1,393° [740°] 

1,376° [748°] 

1,350° [681°] 

1,300° [681°] 

1,189° [460°] 

1.300° [653°] 

1,330° [693°] 

1,304° [638°] 

1,280° [621°] 


This is obviously because the work required to separate the ions is less as 
they get larger. 

With covalent halides, on the other hand, in which the external field 
of the molecule is much weaker, and the work of separation correspondingly 
less, the melting- and boiling-points are low, and increase with a rise in 
the atomic weight of the halogen, as is shown in the following table: 


B. pt. diff. 
XF„-XC1„ 



Boiling- and melting points 



F 

Cl 

Br 

I 

+ 104*6° H 

+ 19*5° 

[- 83*7°] 

-86*0° [-114*2°] 

-66*8° [-87*0°] 

-36-5° [- 61° ] 
-- [+171°] 

290° [ 123-8°] 

-204*4° C 

-128° 

[-185° ] 

+ 76-4° [- 22-9 J 

.. [ + 93-7°] 

-153*6° Si 

- 96° 
(sbl.) 

[- 90*2°] 

+ 67-6° [- 70-4°] 

154-6° [+ 6-2°] 

-118*5° Ge 

- 36° 

[~ 15“ .1 

+ 83-5° [- 51-8°] 

185-9° [ + 26-1°] 

- - [146° ] 
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This is the normal behaviour of the halides. But they, and e 8 i)ecially the 
fluorides, often show abnormalities of various kinds. The fluoride ion 
from its small size should be peculiarly able to resist the tendency to 
assume the covalent state, and we find that the fluorides of some elements 
such as tin and aluminium are more salt-like than the other halides. The 
same tendency is shown, though in a less degree, by some other elements, 
as may be seen from the following table, which gives the boiling-points and 
[melting-points] as before. It is j)articularly interesting to see how with 
tin and lead the alkyl- and aryl-halides follow the simple binary halides 
in behaviour. 



Fluoride 

Chloride 

Bromide 

Iodide 

SnX, . 

704° [ .. ] 

114 1° 

[-36“ ] 

203*3° 

[ + 33° J 

346“ [146'2“] 

ToljSnX 

.. [ 305° ] 


[ 97*5°] 


[ 98*5° ] 

. . [120*5°] 

AIX 3 . 

1,260° [1.260° +J 

100 ° 

[ 192*5°J 

255° 

[ 97*5° ] 

381“[191“ ] 

GaX, . 

950° [ .. ] 

(sbl.) 

201*3° 

[ 77*9°J 

279° 

[ 121*5°] 

346°[212° ] 

111 X 3 . 

1,200° 11,170° ] 


[ 586“ ] 


[ 436“ ] 

.. [ 210 ° ] 

ZnX, . 

1,600° f . . J 

720° 

[ 313“ ] 

670° 

[ 390° ] 

.. [446° ] 

CdX, . 

1,748° [ . . ] 

964° 

[ 568“ 1 

863° 

[ 585° ] 

ca. 710° [387° ] 

HgX, . 

1 360° [ 646° J 

j (sbl.) 

302° 

[ 277° ] 

320° 

[ 238° ] 

350°[257° ] 

Hg,X, . 

} .. [ r.70° ] 

383° 

[ 543° J 

340° 

[ 340° + ] 

310° [290° ] 

PbXg . 

1,285° [ 818°] 

945" 

1 498° ] 

916" 

[ 373° ] 

.. (412° ] 

ArylgPbXa ( 
AlkvJaPbXj 

. . [ca. 300° j 


[v. low j 


[v. low ] 

. . [v. low] 

UX 4 . 

. . [ 1,000° J 

618° 

[ 567° J 




CrFa . 

1.300+[ 1,100° J 


? 



.. [793° ] 


The boiling-points of the trihalides of the elements of Group V B show 
that with the smaller elements the triple charge makes even the fluorides 
covalent, but as the radius of the central atom increases the fluorine ion 
becomes stable before the chlorine: the boiling-point of MF 3 suddenly 
rises with arsenic, and the antimony and bismuth trifluorides are less vola¬ 
tile than the chlorides: 


Boiling-points of I'riliaUdes 



N 

P 

A.s 

Sb 

Bi 

MF, . 

-129" 1 

- 95° 

+ 63° 

319° 

Over red heat (say 600°) 

MCI 3 

+ 71° 

+ 76° 

+ 130° 

221 ° 

447° 

Diff., MClj—MF 3 

+ 200 ° 

+ 171° 

+ 67° 

- 98° 

-160° say 


Solubilities 

The fluorides often show a marked dift’erence from the other halides in 
their solubility in water. Where their melting- and boiling-points are 
abnormally high we should expect the solubilities to be correspondingly 
small, and this often is so, as in the salts of the alkalies, the alkaline earths, 
and divalent lead. Sometimes, however, the solubility of the fluoride is 
abnormally high, as with AgF and TIF; in Group II B we get both 
effects, low solubilities for the zinc and cadmium salts, and high for the 
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mercuric and mercurous. The results are given in the following tables, 
the solubilities being in g. anhydrous salt to 100 g. water at a temperature 
near 20°. 

Alkalies 



F 

MCl/MF 

Cl 

Br 

T 

Li 

015 

539 

80'o 

163 

165-5 

Na 

3-94 

91 

35-9 

88-7 

177-7 

K 

96*5 

0*30 

34 4 

65-0 

144-6 

Rb 

Very big 


91-2 

108-3 

156-4 

Cs 



1 185-8 


ca. 70 


Alkaline Earths 



Be 

Mg 

Ca 

Sr 

Ba 

Ra 

MF 2 

Very big 

0-013 

0-004 

0-074 

0121 

1 

. . 

MCb 

Very big 

54 1 

81-5 1 

: 55-5 

1 37-2 

24-6 

Ratio Cl/F 


4,160 I 

20,400 J 

750 

307 



Heavif Metal Halides 


Ratio Cl/F 


Fluoride 

Chloride 

Bromide 

hxiide 

157 

PbXj 

0-0069 

1 079 

0-955 

0-073 

265 

ZnXj 

1-59 

420-7 

471-4 

437-6 

25-4 

OdX, 

4-35 

110-6 

112-3 

86-2 

Small 

HgX, 

Very big 

7-31 

0-616 

0-006 

Very small 

Hg,X, 

Very big 

0-47 X 10~* 

39x ](r« 

2x Hr« 

1/126,000 

AgX 

181-5 

143 X 10”^ 

26-3 X 10-‘ 

0-54 X 10-5 

1/224 

TlX 

359 

1-6 

5-7 

0-56 


In the same way bismuth trifluoride is practically insoluble in water and 
scarcely affected by it, while the other halides of bismuth are of course 
very soluble in water and largely hydrolysed. 

The relatively high solubility of the fluoride which is found in the thal- 
lous salts is repeated in the dialkyl-thallium halides (Til. 464) of which 
the fluorides are excessively soluble in water and insoluble in benzene, 
while the chlorides, bromides, and iodides are soluble in benzene and only 
shghtly in water. Here, however, it is clear that the fluorides are ionized 
and the other halides covalent, whereas the thallous and argentous 
halides are ionized in the crystal. 

Acyl Fluorides 

The fluorides of organic and inorganic acids, such as acetyl fluoride 
CH3 CO F and nitrosyl fluoride NOF, and the monofluorides of dibasic 
acids, such as H • SO3F, seem at first sight to be sometimes more and some¬ 
times less reactive than the chlorides. They are usually at least as readily 
hydrolysed as the chlorides and perhaps more so (the reactions are very 
rapid and there are no quantitative data); this is so at any rate with those 
of the carboxylic acids and of nitrous and nitric acids. 
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On the other hand, certain acid fluorides show a remarkable stability, 
especially the mono- and difluorides of sulphuric acid, fluorosulphonic acid 
HSO 3 F and its salts, and sulphuryl fluoride SO 2 F 2 .* This last is not acted 
on by water even if the two are heated together in a sealed tube at 150°, 
and is only slowly absorbed even by potash. The acid HSO 3 F is stable to 
heat up to 900°, and is only slowly and incompletely (reversibly) hydro¬ 
lysed by water, with which chlorosulphonic acid reacts almost explosively. 
Its salts are correspondingly stable; while the chlorosulphonates are 
rapidly hydrolysed in solution, the fluorosulphonates are quite stable to 
water and can be recrystallized from it. The alkyl and aryl sulphonyl 
fluorides R • 8 O 2 • F show a similar inactivity. 

This remarkable inertness seems to be largely thermodynamical, i.e. due 
to the strength of the S—F link. The fluoride and the fluoro-acid are 
obviously covalent com})ounds like their chlorine analogues, as is indicated 
by their boiling-points (SO 2 F 2 —52°; S02Cl2-f69*3°; HSO 3 F 162*6° ; 
HSO 3 CI 151°). The reversible hydrolysis of the acid is evidence of the 
thermodynamic stability of the vS—F link, but the extreme inertness, 
especially of sulphuryl fluoride, does seem to need some further explana¬ 
tion.! It is very remarkable that the selenium compound SeOgFg shows 
no such inertness, but is just as reactive as its chlorine analogue. 

Something of the same slowness to hydrolyse is shown by the fluoro- 
phosphoric acids H 2 PO 3 F and H PO 2 F 2 , though not by POF 3 ; here prob¬ 
ably the main cause is again thermodynamic, i.e. is the strength of the P—F 
linkage. For this, however, we have no thermochemical data. 

‘Acid' Fluorides 

The considerable class of 'acid’ fluorides are the salts of the acids 
H[F„H^_i], with n usualty 2 . These polymerized forms of HF are all mono¬ 
basic acids, so that the salts are not really acid salts, and the fluorine 
atoms of the anion are obviously united through hydrogen bonds. The 
ordinary acid fluorides or bifluorides MFFoH] may thus be written 

♦ See Group VI, Sulphur, p. 933. 

t Especially as the values of the heats of linkage scarcely seem to support it. The 
heat of formation from the atoms (Ha) of SFg gives for S-—F 71-4 k.cals. To judge 
by the values of P—Cl in PCI 3 (77- 1 ) and PCI 5 (62 0 ) we should expect a higher value 
of S—F where the covalency was lower. The value for S—Cl can be got roughly in 
two ways. Ha for SjClj (these values of course are all for the gaseous state) is 196*1, 
and for S—S in Sg 63*8; the difference, 132-3 for 2(S—Cl) gives us S—Cl 66 * 2 ; again 
the difference between Ha for SOgCb (395-8) and SOg (255*4), is 140-4, giving 70*2 
for S—Cl: we may perhaps take the mean value of 68 k.cals. as approximately true. 
For S—Br we have Ha (SjBrj) 177* 1 — 63*8 — 113*3, giving S—Br as 56*7. So we 
have S—F 71*4; S—Cl 66 ; S—Br 57. The difference is striking, and in accord wdth 
the usual behaviour of fluorine; but in the hydrolysis of the halide the heat of the 
reaction depends on the difference between the heat values of H—hal and S—hal, 
and this difference is in the wrong direction: 

(H— F)-(S—F) - 61*0 
(H— C1)-(S—Cl) = 36*6 
(H— Br)-(S—Br) - 30*1. 



1116 


Group VII. Fluorides 

M[F—H- -FJ. The nature of the bond is discussed above under hydrogen 
bonds (I. 26). Crystal structure measurements have given values of from 
2-26 to 2-50 for the F -F distance in these salts; while the expected distance 
for two F- H links, i.e. for a structure F- -H—F should be 

2 (0*64+0-30) -- 1-88. 

[See Pauling, Chemical Bond, pp. 277 sqq.] See further references 7(vi,96 

Similar but more complex salts, MF, 2 HF and MF, 3HF, or as they 
should be written M[F 3 H 2 ] and M[F 4 H 3 ], are also known, such as AgF 4 H 3 . 

Tananaev®' obtained from the system KF—HF—HgO at 0 °, 20 '', and 
40", the solid fluorides KF; KYM; KF 3 H 0 ; KF 4 H 3 ; KF 5 H 4 ; and 
2 KF, 5 HF. 

With rubidium the salts RbF, HF ; RbF, 3 HF; and RbF, 3-5 HF 
were obtained.®^ 

With caesium the melting- point curve of the sysi em f-sF H F indicated 
the salts CsF, HF (m. pt. 170-6"), (IsF, 2 HF (50-2"), CsF 3HF (32-6"), 
and CsF, 6 HF (--42-3").«9 

ORGANIC COMPOUNDS OF FLUORINE""" 

The organic compounds of fluorine, though few in comparison with those 
of the other halogens, are fairly numerous, and they show in a high degree 
the great difl’erences between fluorine and the o^her members of the group. 

Our knowledge of these compounds comes largely from the work which 
Swarts carried on in Belgium for forty years from 1897, and that of Midgley 
and his collaborators in Columbus, Ohio, who examined in particular the 
fluorine and other halogen substitution products of methane, ethane, and 
ethylene, partly with a view to their uses as refrigerants, and partly from 
their intrinsic interest. Swarts has published two very useful summaries 
of his work in 190U"" and in 1924.^"^ 

The peculiarities of the organic fluorine compounds are mainly due to 
the exceptionally large energies of formation of the links of fluorine to 
hydrogen (132*4) and to carbon (103*4 k.cals.). In consequence the heats 
of reaction of fluorine compounds differ greatly from those of the other 
halides; these are some examples (the corresponding chlorine values follow 
in brackets): 


—c- 

-H 

+ 


- — C—F 

+ 

HF 

+ 103.7 k.oals. 

[01 

+ 

23*1] 

— 0 —H 

+ 

H—C 

. _l_ Fg -- —C—C-— 

+ 

2HF 

+ 115*5 

[Cl 

+ 

31-6] 

—c- 

-C- 

- + 

F. 

2 —C-F 

+ 


91*9 

[01 

■0 

16*6] 

—C- 

- C-- 


F^ 

= _CF—CF- 

- + 


109*1 

[01 

-t- 

33*8] 

— C- 

-F 

+ 

HjO 

- — C—OH 

+ 

HF 

~ 0*3 

[01 

— 

4*0] 


G. Glockler and G. E. Evans, J. Chem. Phys. 1942, 10, 607. 

I. Tananaev, J. Appl. Chern. Russ. 1938, 11, 214. 

K. R. Webb and E. B. R. Prideaux, J.C.S. 1939, 111. 

«« R. V. Windsor and G. H. Cady, J.A.C.S. i948, 70, 1500. 

99 a j'qj. further details see F. Smith, Ann. Rep. Chem. Soc. 1947, 44, 86. 

F. Swarts, Metn. Acad. Roy. Belg. 1901, 61 (94 pp.). It is abstracted at some 
len^2:th in Chem. Centr. 1903, i. 11-14. 

101 Id., Bull. Soc. Chim. 1924, [4] 35, 1533-63. 
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Owing to the large heats of reaction of elementary fluorine, and its 
tendency to remove hydrogen avS HF, direct fluorination is very difiicult, 
and was long thought to be impossible. Solid methane (m. pt. —184°) 
explodes violently on treatment with liquid fluorine,^and other organic 
compounds, even sodium acetate, behave in the same way^‘^^ ^ ; even when 
this can be avoided the products are usually mixtures of black tars with 
hydrogen fluoride and sometimes carbon tetrafiuoride. The use of unstable 
fluorine compounds like lead tetrafiuoride as source of fluorine was also 
found^‘^^ ® to give very small yields. This is the more important since 
indirect methods of introducing fluorine atoms, which succeed with other 
halogens, often fail witli fluorine. The action of hydrogen fluoride on 
alcohols is very slow below 170°, and even at equilibrium there is less than 
50 per cent, of the fluoride present. Attempts to add HF to the double¬ 
carbon link for a long time failed, which is not surprising since the ease 
of the reaction falls off in the order HI HBr HCl; hydrofluoric acid 
readily reacts with ethylene oxide or epichlorhydrin, but normally only to 
catalyse the hydrolysis of the cyclic ether, and no trace of fluoride is 
formed. More recently, however, Grosse and Linn^^^^ have shown that 
under ju-essures up to 25 atm. the addition is easy; it is promoted by the 
presence of lead dioxide (i.e. PbF 4 )^^^ and of boron trifluoride.See 
further reference The phosphorus fluorides react with alcohols mainly 
to form j)hosphorus esters. 

More recently also, the reaction of direct fluorination has been brought 
under control. One of the first to do this was Ruff, who showed^^^ that 
fluorine acts on fluoroform C'HF 3 to give CF 4 and CgFg. The main work on 
direct fluorination was due to Bigelow et al. {J.A.C.8. 1934-41)^^^"^^; they 
have shown under what conditions this reaction can be made to give 
definite products. The best way seems to be to })ass the va]jour of the 
organic substance mixed with fluorine and if necessary diluted with 

H. Moissan and G. Chavanne, C,R. 1905, 140, 407. 

B. Hiimiston, J. Fhys. Clienu 1919, 23, 573. 

104 y Fichter and K. Humpert, Helv. Chijn. Acta, 1926, 9, 694. 

O. Dimroth and W. Bockenaiillor, Ber. 1931, 64, 5ti6. 

106 Bockemullor, ib. 522. 

A. V. Grosse and G. B. Linn, J. Org. Chcrn. 1938, 3, 26. 

A. L. Henne and T. P. Waalkes, J,A,C.S. 1945, 67, 1639. 

A. L. Henne and R. C. Arnold, ib. 1948, 70, 758. 

R. Y. Thompson, P. Tarrant, and L. A. Bij^elow, ib. 1946, 68, 2187. 

O. Kufl', Ber. 1936, 69, 299. 

L. A. Bigelow and J. H. Pearson, J.A.C.S. 1934, 56, 2773. 

W. D. Miller, J. I). Calfee, and L. A. Bigelow, ib. 1937, 59, 198. 

J. D. Calfee and L. A. Bigelow, ib. 2072. 

116 Fukuhara and A. Bigelow, ib. 1938, 60, 427. 

J. D. Calfee, N. Fukuhara, and L. A. Bigelow, ib. 1939, 61, 3552. 

J. D. Calfee, N. Fukuhara, D. S. Young, and L. A. Bigelow, ib. 1940, 62, 267. 

E. H. Hadley and L. A. Bigelow, ib. 3302. 

D. S. Young, N. Fukuhara, and L. A. Bigelow, ib. 1171. 

N. Fukuhara and L. A. Bigelow, ib. 1941, 63, 788. 

L. A, Bigelow, Chern. Rev. 1947, 40, 51. 
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nitrogen over copper gauze; the copper acts as a catalyst, but is only 
slightly attacked. In this way they have succeeded in fluorinating 
numerous aliphatic and aromatic substances, such as methane, 
ethane,ethyl chloride,^^’^ hexachloroethane,^^^ acetone,ben- 
zene^^^ hexachlorobenzene,^^^ silver cyanide,etc. The fluorine replaces 
hydrogen and chlorine, adds on to double links, and can also cause both 
the breakdown and the building up of carbon chains (see further Miller, 
1940122). 

The indirect methods normally used for the j)reparation of the organic 
fluorine comy)ounds are different according as these are alij^hatic or 
aromatic. 

With the paraffin derivatives the methods consist in substituting a 
fluorine atom for one of another halogen by treating the organic halide 
with a metallic fluoride, and by preference that of a less electro positive 
metal. Moissan used anhydrous silver fluoride. Swarts showed that mer¬ 
curous fluoride, made from mercurous carbonate and HF, was more 
effective than silver fluoride, especially in presence of a trace of iodine (see 
further reference 1 ^^). Another effective reag^^nt much used both by him¬ 
self and by others, is antimony trifluoride. In the absence of a catalyst 
this is usually inert, though it can sometimes react, as with benzal chloride 
and benzotrichloride, and with trichloromethyl etheri^i; it becomes far 
more active in presence of a trace of bromine, or of a small quantity of 
antimony pentachloride. 124.142 activv) molecule is probably the penta- 

halide, the reactions being, with bromine : 

vSbFg -f Br. - SbFgBrg 

SbFgBra -i- 3 R Br r. 3 R F -f Brg SbBrg 

122 W. T. Miller, J.A.C.S, 1940, 62, 341. 

123 F. Swarts, Bull. Soc, Chim. Beige, 1927, 36, 323. 

124 T. Midgley and A, L. Honne, J. Ind. Eng. Chem. 1930, 22, 542. 

12* O. Ruff and R. Keim, Z. anorg. Chem. 1930, 192, 249. 

12® R. M. Buffington and W, K. Gilkey, J. Ind. Eng. Chem. 1931, 23, 254. 

12’ W. K. Gilkey, F. W„, Gerard, and M. E. Bixler, ib. 364. 

12® F. R. Bichowsky and W, K. Gilkey, ib. 366. 

122 R. M. Buffington and J. Floischner, ib. 1290. 

12® R. M. Buffington and W. K. Gilkey, ib. 1292. 

121 O. Ruff and R. Keim, Z. anorg. Chem. 1931, 201, 245. 

122 H. S. Booth, W. L. Mong, and P, E. Burchfield, J. Ind. Eng. Chem. 1932,24,328. 

122 H. S. Booth and E. M. Bixby, ib. 637. 

134 W. Cawood and H, S. Patterson, J.C.S. 1932, 2180. 

13® H. S. Booth, P. E. Burchfield, E, M. Bixby, a.nd J. B. McKelvey, J.A.C.S. 
1933, 55, 2231. 

13® F. Hovorka and F. E. Geiger, J.A.C.S. 1933, 55, 4759. 

13’ W. Menzel and F. Mohry, Z. anorg. Chew. 1933, 210, 257. 

1*3 O. Ruff and O. Bretschneider, ib. 173. 

132 N- V. Thornton, A. B. Burg, and H. I. Schlesinger, J.A.C.S. 1933, 55, 3177. 

14® E. G. Locke, W. R. Brode, and A. L. Henne, ib. 1934, 56, 1726. 

141 H. S. Booth, P. E. Burchfield, and H. M. Elsey,^ ib. 1935, 57, 2069. 

142 W. B. Whalley, J. Soc. Chem. Ind. 1947, 66, 427, 430. 
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and the pentachloride behaving in a similar way. Booth^®^ gets better 
yields under pressure; thus in making the di- and trifluoro-derivatives of 
hexachloro-ethane 2-6 kg. of antimony trifluoride, 80 g. of the penta¬ 
chloride, and 1-7 kg. of C 2 CI 6 are heated in an autoclave for 7 hours at 
320° and 60 atm. Henne^^® finds that the ready formed SbFaClg is better 
than a mixture of the trifluoride and pentachloride. 

A new and more j)owerful fluorinating agent is mercuric fluoride, 
made (in a 75 per cent, yield) by the action of fluorine on powdered mercuric 
chloride. This reagent has little action on chlorides, but it reacts readily 
with bromides, and with iodides even violently, unless they are in solution. 
In some cases this reagent will carry the fluorination farther than the 
antimony halides. Thus Henne^^^ made fluoroform CHFg from bromo- 
form by first converting this into CHF 2 Br with bromine and excess of 
SbFg at 4 atm. pressure (this is as far as that reagent will take it) and then 
treating the product with mercuric fluoride. 

Other methods have sometimes been found useful. Iodine penta- 
fluoride will fluorinate carbon tetrachloride,but not benzene. Methyl 
fluoride can be made by the simple process of heating tetramethyl 
ammonium fluoride (Collie, 1889).^^'*^’^^^ 

Hydrogen fluoride will add on to a triple C/=C link (though not to a 
double C- ~C), the addition following Markownikoff’s rule.^®^^ 

Rules of Substitution 

As we have seen, the preparation of the aliphatic fluorine compounds 
almost always begins w ith the replacement of other halogens by treatment 
with a metallic or semi-metallic fluoride. The particular inorganic fluoride 
used for this purpose sometimes determines the extent to which the 
replacement will go, and the relative ease with which diifferent halogens 
are replaced (thus mercuric fluoride is far more efficient with a bromide 
or an iodide than with a chloride, and with these will carry the reaction 
further than antimony trifluoride, which, however, acts as well with a 
chloride as with the other halides); but it does not seem to affect the 
relation between the position of the halogen atom and its ease of replace¬ 
ment. 

A. L. Heiine and E. C. Ladd, J.A.C.S. 1936, 58, 402. 

A. L. Honne and D. M. Hubbard, ib. 404. 

A. L. Henne and T. Midgley, ib. 882. Id., ib. 884. 

A. L. Henne and M. W. Renoll, ib. 887. Id., ib. 889. 

O. Ruff and M. Oiese, Ber. 1936, 69, 598. Id., ib. 604. 

(). Ruff, O. Bretsehneider, W. Luchsinger, and G. Miltschitzky, ib. 299. 

K. L. Ramaswarny, Proc. hid. AcaU. Set. 1935, 2, 364. 

L. O. Brockway, J. Phijs. Chem. 1937, 41 , 185. 

Id., ib. 747. ' A. L. Henne, J.A.C.S. 1937, 59, 1200. 

Id., ib. 1400. J. H. Simons and L. P. Block, ib. 1407. 

A. L. Henne and M. W. Renoll, ib. 1938, 60, 1060. 

J. N. Collie, J.C.S. 1889, 55, 110. 

A. L. Henne and E. P. Plueddeman, J.A.C.S. 1943, 65, 587. 

A. V. Grosse and C. B. Linn, ib. 1942, 64 , 2289. 
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Swarts points that antimony trifluoride never causes the replace¬ 

ment of a halogen except in compounds which have two halogens attached 
to one carbon.* Thus CHgBr tTloBr is not atfec^ted, but C'HBrg OHg®^ 
readily loses one, and even more readily two of the bromine atoms of 
the —OHBrg grouj) to give CHP 2 CH 2 Br, so that it would seem that the 
bromine is more readily replaced in -CHFBr than in -OHBro; in the 
meantime the Br of the —CHoBr is unaffected. In the same way^*^® mer¬ 
curic fluoride reacts with ethylidene bromide to give a little Clig CHFBr 
and much CH^ CHFo. Further, <as IS shown below, - t’Cl;, reacts more 
readily than —CHOlo. When, however, there are two 1 '^ atoms and one 
Cl or Br on a cai'hon, the latter cannot be re])laced. exeej)!, with henzo- 
trichloride, which is readily converted not only into CfiHs CF.^Cl, but also 
into the trifluoride by SbFg, even in the absence of a catalyst; this must be 
the effect of the proximity of the benzene ring. If t,he chlorine is directly 
attached to the benzene nucleus it is of course in the absence of ortho- or 
para-nitro groups unaffected by any of these reagents, e\'en by 

A more detailed account of the course of these substitutions is given by 
Henne and Midgley.”* Their discussion of the stability relations of the 
products will be dealt with later. The effect of structure on tlu; ease of 
substitution is shown by the behaviour of hexaehloroet hane (bClg on treat¬ 
ment with antimony trifluoride and pentachloride. The siurc»\ssive pro¬ 
ducts are ( 1 ) CCljF • GCI 3 ; (2) CCl^F • GGI 2 F; (:{) C‘C UFj • C( 'LF; (4) CClFgCClFa; 
after which at the ordinary temperature tfie fluorination sto])s; no isomers 
are formed in the course of this reaction. This shows, {a) that the CCI 3 
group can be fluorinated, and ( 6 ) that the successive fluorine atoms go by 
preference to the carbon atoms which have least fluorine. That the 
presence of fluorine discourages fluorination is shown by the fact that 
the reaction of SbFg on C. 3 CI 8 goes by itself without a (aitalyst as far as the 
trifluoride (3 above), but to get the tetrachloride one must use SbFgCla 
at 140-150°; nothing will introduce a fifth or sixth fluorine atom. 

Although CFjBr is less easily fluorinated than CHFBr, GCI 3 goes more 
easily than CECla- Hence, CHCI 2 CCI 3 gives first CHClj, CCI 3 F and then 
CHClg CClFg easily. At this point the further replacement on the first 
carbon is difficult owing to the presence of the hydrogen, and on the second 
because of the protective effect of the two fluorine atoms; but it is ])ossible 
with difficulty to get CHCIF CCIF^ and then CHF^ CClFg. So too, 
CHCU CHCl, gives CHClF CHClj, and then GHF^ C^HOl,, and then the 
action stops; further treatment with SbF, either has no effect or it con¬ 
verts the last product into CF 3 CH 2 CI. In the same way CH 2 CI CCI 3 
gives OH 2 CI CC 12 F, and then CH 2 CI CCIF 2 and stops; CHgCl CHCU gives 
CH 2 CI CHCIF, and CH 2 CI CHF 2 , and there the reaction stops. 

Mercuric fluoride, although it follows the same general lines, is more 
efficient; thus — CHjOl cannot be fluorinated by SbFj, but it can by 
HgFj. This effect is, however, to some extent hindered by the presence of 

* Mercuric fluoride can, however, do this with the halogens in - CH,Br and 
—CHjI, though not in —CHaCL^** 
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other halogen atoms on the next carbon. Thus mercuric fluoride fluorinates 
ethyl chloride easily, but CHgCl -CHClF very little, and CH2CI CHF2 not 
at all; so too it fluorinates ethyl bromide easily, but CHgBr OHF^ not at 
all ; it reacts with ethyl iodide violently, but with CHgl CHF^ it needs 
a long time at 100°, and then only gives a 60 per cent, yield of CHgF • CHF 2 . 
In general, mercuric fluoride givcvS the same products as antimony tri- 
fluoride. The fluorination of methyl chloroform CH3 CCI3 can be carried 
right through to CH3 CF3. 

These remarkable relations can be reduced to the following rules. 

1. The replacement by fluorine of another halogen is very difficult when 
there are not at least two halogen atoms on the carbon in question; it is 
in that case impossible with SbF^, although it can be done with HgF 2 if 
there is no more easily replaceable halogen in the molecule. 

2. Fluorination is easier with the C(hal )3 group than with CH(hal) 2 , 
provided the halogens in question are not fluorine. But the presence of a 
fluorine atom on a carbon makes other halogen atoms on that carbon less 
easy to replace, and the presence of two fluorines makes the replacement 
impossible with antimony trifluoride, though it can be done with mercuric 
fluoride. This effect of a CF.^ grou]) in hindering substitution sometimes 
extends to the next carbon atom. For further wc^rk on the preparation 
and chlorination of fluoro-paraffins and fluoro-alkylenes see Henne et 

Organo-Jhforine (hm/pounds: Physical Properties 

Numerous values of tlu' heat properties (including the boiling- and 
melting-points) of j)arafl[ins with the hydrogen whoUy or partially replaced 
by fluorine and chlorine are given in the following papers (see p. 1118). 

0^ 126-30.137,168-72,184 

0 136-6.143-4,147-8,168-75.185,190 

0^ 123,176-80,186-9 

Monofluorides of alkyls 

1,1 and 2,2 difluorides of (V-C 7 .^^^ 

Perfluorides 3 

The values for the Ci and Cg compounds, for the alkyl fluorides (12) and 
the perfluorides (14) follow on the next page. 

A. L. Honnc, T. Aldorson, and M. S. Newman, J.A.C.S. 1945, 67, 918. 
(Preparation of pc'rfluorinated carboxylic acids.) 

A. L. Henne and J. B. Hinkamp, ib. 1194. (Chlorination of difluoropropane.) 

Id., ib. 1197. (The same for «, ex, a trifluorobntane.) 

A. L. Henne and W. J. Zimmerschied, ib. 1235. (Fluoro-derivatives of cyclo¬ 
pentane and -pentene.) 

A. L. Henne, J. B. Hinkamp, and W. J. Zimmerschied, ib. 1906. (Clilorination 
of aliphatic fluorides.) 

A. L. Henne and T. P. Waalkes, ib. 1946, 68, 496. (Fluorinated propanes and 
propones.) 

A. Benning and R. C. MacHarness, Irid. Eng. Chem. 1939, 31, 912. 

Id., ib. 1940, 32, 497. 

Id., ib. 698. 


Id., ib. 814. 


Id., ib. 976. 
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I 


Cl Cpds. 

CHClFa 

CHCl^F 

OCI 3 F 

0 

1 

B. pt. 

-40-8°" 

4 8-9°“ 

423-8°“ 

-128°*’ 

Crit. temp.® 

96-8° 

178-5° 

198-0° 1 

-184°*' 

M. pt. 



110-5°"' 


II 



CH3CF2CI 1 

CClaFCCIgF 

ca,.CF,| 

CCl,-CCIFj 

CClBrFCClBrF 

B. pt. 

M. pt. 

9-21°"* 

47 - 6 °“ 

24-7°“ 

45-9°' 

14-2°'' 

91*5"" 

40-6°" 

139-9”' 

32-8°' 



CCljBr-CBrF, 

CCljF-CBlFj 


CCJ 3 -CCI 3 F 

B. pt. 

M. pt. 

138-9°' 

45-5°' 

47 . 70 / 

-30-6°-* 

-78-2°^ 

-loo-e”*" 

499 - 9 °“ 


a — 1 ®®, 6 — 181, c 

184 ^ 186^ e : 


178 


M onojluorides : ^ ® ^ 



MeF 

Et-F 

l._Pr.F 

2 -Pr-F 

SecBuF 

Tso—BuF 

TertBu • F 

B. pt. 
M. pt. 

- 78-5° 
-141 8° 

- 37 - 7 ° 

-143-2° 

- 2-5^'’ 

! - 159° 

- 9-4° 

-133 4° 

1 25-r 
- 12L4° 

412 - 1 ° 

-77° 

444 - 8 ° 

- 12 - 1 ° 


Perjluorides^^^. From paraffins: 



CF, 

C 3 F. 

CaF, 

n-C4l 10 

isc -C 41 iQ 

n-C 7 .F 1 * 

n-C„F„ 

B. pt. 
M. pt. 

-128° 

-184*^ 

~ 78*2° 
- 100 - 6 ^ 

~ 38° 
-183° 

0 

^ : 

1 ' 


+ 82° 

240° 

J15° 


J. Bernstein and W. T. Miller, J.A.C.S. 1940, 62, 948. 

A. L. Henne and E. G. Wiest, ib. 2061. 

L. Riedel, Z. Ges. KdUe-Ind. 1938, 45, 221. 

17® A. L. Henne and M. W. Renoll, J.A.C.S, 1937, 59, 2434. 

177 A. L. Henne and E. C. Ladd, ib. 1938, 60, 2491. 

178 A. L. Henne and M. W. Renoll, ib. 1939, 61, 2489. 

178 A. L. Henne and J. V. Flanagan, ib. 1943, 65, 2362. 

18® A. V. Grosse, R. C. Wackher, and C. B. Linn, J. Phys. Chem. 1940, 44, 275. 

181 A. L. Henne, M. W. Renoll, and H. M. Leicester, J.A.C.S. 1939, 61, 938. 

182 J. H. Simons and L. P. Block, ib. 2962. 

182 A. V. Grosse and G. H. Cady, Jud. Eng. Chem. 1947, 39, 367. 

18^ D. W. Osborne, C. S. Garner, R. M. Doescher, and D. M. Yost, J.A.C.S. 1941, 
63, 3496. 

18® L. Riedel, Z. Ges. Kdlte-Ind. 1941, 48, 105. 

18® A. L. Henne and F. W. Haeckl, J.A.C.S. 1941, 63, 3476. 

18 7 A. L. Hemie, A. M. Whaley, and J. K. Stevenson, ib. 3478. 

188 A. L. Henne and A. M. Whaley, ib. 1942, 64, 1157. 

18® E. T. McBee, H. B. Hass, R. M. Thomas, W. G. Toland, and A. Truchan, 
ib. 1947, 69, 944. 

18*a jyi Y ib. 457, 

18® A. L. Henne and R. P. Ruh, ib. 1948, 70, 1026. 
i»oa ^ J Leonard and L. E. Sutton, ib. 1664. 
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From naphthenes ^ 

Ethylene 

Benzene 

Toluene 


t'gFiQ 


C\F, 

CeFe _ 

C,F, 

B. pt. 

22^ 

52“ 

- 76-3° 

82“ 

103*5° 

M. pt. 

-12“ 

-f50° 

-142-5° 

1 

-12“ 

--70“ 


Dipole Moments 

The dipole moments of various organic fluorides, along with those of 
the other halides, have been determined or collected (for references see 
original) by Rogers^®®"; they were all measured in benzene solution at 25 ®: 


R 

RF 

R-Cl 

R Br 

Methyl 

1-60 

1*65 

1*45 

Ethyl 

1 70 


1*85 

w-Amyl 

1*85 


1*95 

tert. Amyl . 

1*95 1 

2*14 

2*25 

Benzyl 

1*77 

1*85 

1*85 


See further reference 

Refractive Power and Volatility 

The replacement of hydrogen by fluorine has relatively little effect on 
either of these properties. For example, the change in refractive power 
caused by replacing a hydrogen atom by a group X is on the average as 

follows 


X = 

CH, 

NO, 

Br 

Cl 

F 

Paraffins . 

-f-4*61 

+ 5*41 

+ 7-79 

+ 4-97 

-0*09 

Aromatics 

-f4*84 

4-0-44 

+ 7-79 

+ 4-94 

-0*174 


In the same way the boiling-points are often little affected by the same 
replacement when there is only one halogen on the carbon. Thus we have 
the series CeHe 80-2®; CeHsF 86-5®; 88-9®; CH3.C6H5 110®; 

CH3 CeH4F ortho 113-9®, para 102®; C 6 H 5 OH 183®; r CeH4 0 H ortho 
151®; para 185*6®. But when this replacement gives rise to CF 2 or still 
more to CF3 groups—i.e, to what are, as we shall see the characteristically 
stable groups, the boiling-points are lowered. Examples of this are: 


Compomid 

X = F 

il 

X 

m- 

CHXFj . 

- 82*2° 

- 51*6° 

- 30*6° 

CXF, 

-128*0° 

- 82*2° 

- 45*8° 

CHFXCl . 

- 40*7° 

- 0*9° 

- 39*8° 

CHXFBr . 

- 14*5° 

4- 19° 

- 33*5° 

CHXFI . 

4 - 21*6° 

4- 53*4° 

~ 31*8° 

CXjCOOH 

72*4° 

117*1° 

- 44*7° 

CX,-CONH, . 

122 *8° 

162-6° 

- 39 7° 

CX,-COF 

- 59° 

+ 20-5° 

- 79*5° 

CX,-CN . 

- 61*5° 

-4- 81-6° 

--144° 

CX,.CO-CH, . 

22 ° 

56° 

- 34° 
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The perfluorides are less volatile than the hydrocarbons up to C 3 , but 
more so above this: the differences are, for CF4+36^, for CsHg+T^, for 
C 4 Fio± 0 °, but for C^Hie-16^183 

Reactivity of the A liphatic Fluorine Compounds 

This is largely determined by the great affinity of fluorine for hydrogen 
and for carbon ; the latter makes it much more difficult to remove fluorine 
from carbon than any other halogen; in fact in the reactions of the organic 
fluorides it is exceptional for the fluorine to react. The affinity for hydrogen 
makes many of the fluorides lose hydrogen fluoride readily within the mole¬ 
cule. Thus^®^ the fluorides of secondary alkyl groups are converted into 
the alkylene and HF on distillation (and sometimes at the ordinary 
temperature), which the corresponding chlorides and bromides are not. 
So too cyclohexyl fluoride is too unstable to isolate: it breaks uj) into 
hydrogen fluoride and cyclohexene. 

The evidence is that when a carbon atom carries only one fluorine atom 
and no other negative group, its reactivity is not very different from that 
of chlorine; but that if there is also on the carbon a negative group such 
as carboxyl, or still more another halogen, or most of all another fluorine, 
the reactivity is greatly reduced. si general, fluorine show.s an 
inactivity not wholly explained by the heats of linkage: thus in the reac¬ 
tion between alkyl halides and sodium vapour at 200 ° Polyani^^^ found 
these values for the relative lives of the vaiious halides under the same 
conditions (the heats of formation of the C- -X links are added for com¬ 
parison) : 



Aik—F 

Alk--Cl 

Aik—Br 

Aik—I 

Relative lives . 

10 « 

104 

60 

1 

Heat of C—X . 

107 

()6-5 

54 J 

45'5 k.cala. 


Again, though the heat of reduction by hydrogen varies little 


(C—X -f Hjj - C—H -f IIX: for F 24-4, for Cl 19-1 k.c^als.), 
the aliphatic fluorides are not as a rule reduced by nascent hydrogen, or 
by hydrogen gas and platinum black, as the other alkyl halides are. 

The reactivity of the fluorides is closely related to the ease or otherwise 
of their formation by the replacement of other halogens on treatment with 
inorganic fluorides (p. 1120). An important preparative reaction is the 
removal of a molecule of halogen from the fully halogenated ethanes on 
treatment with zinc in alcoholic solution, forming a tetra-substituted 
ethylene. Midgley and Henne^^® show that this goes easily and quantita¬ 
tively with the following halides, a chlorine atom being in each case 
removed from each carbon atom: CCI 2 F CCI 3 , CClgF CClaF, CIlClg CCloF, 
CH 2 CI CHCIF, CHClg CHClF, CHpCl CClgF. With all these, one at least 
of the chlorine atoms removed is in a position where it is easily replace¬ 
able by fluorine on treatment with SbFg. On the other hand, with the 
following halides it is quite difficult to carry out this reaction with zinc 
i»i V. Hartel, N. Meer, and M. Polyani, Z. phyeikaL Ch&m. 1932, B 19, 139. 
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and only small yields are got (one halogen atom always comes from each 
carbon, and this is chlorine if possible, but in the second and third examples 
one of the halogen atoms is a fluorine): CCI 2 F CCIF 2 , CHgCl-CHFg, 
CHClg • CHFg, CHgCl • CClFg. The difficulty of reaction here arises from the 
fact that in each case a halogen has to be removed from a carbon carrying 
two fluorines, which as we have seen is the most strongly stabilizing group. 
In the same way it was found to be impossible to get any yield of tetra- 
fluorethylene (^2 —CFg from CCIF 2 CCIF 2 under ordinary conditions, and 
even at 70 atm. only a 30-35 per cent, yield was obtained. 

In general, when the carbon atom has one fluorine atom attached to it 
and no other halogen, the reactivity is not very different from that of a 
chloride. The alkyl fluorides C^^H^_,.i F are quite easily hydrolysed (more 
easily by acids than by alkalies: the tertiary fluorides most and the pri¬ 
mary least); from C 5 upwards they readily lose HF on heating and form 
an olefine. The monofluorides also have not the complete physiological 
inertness of the other fluorides (see further p. 1129). When the molecule 
has two monofluoride groups it becomes still less stable; CHgF-CHgF 
loses hydrogen fluoride spontaneously at 0 "^, and is completely converted 
into glycol by passing through water; 1 , 2 -difluoro-cyclohexane behaves in 
the same waj^ 

The presence of other negative groups on the same or even the next 
carbon atom stabilizes the link to fluorine in a remarkable degree. The 
alcohol and carboxyl groups CHOH and COOH have this effect: fluorethyl 
alcohol CH 2 F • CHgOH and fluoroacetic acid CHgF • COOH are quite stable. 
But the strongest effect is produced by the halogens themselves, and 
among them especially by fluorine. Among the methane derivatives^^* 
the difluorides are much more stable than the mono, and have very little 
physiological action (see later). Methyl fluoride is no more stable than 
methyl chloride, but methylene chlorofluoride CH 2 CIF is more stable than 
methylene chloride, and the fluorine atoms in methylene fluoride CH 2 F 2 
are scarcely affected by anything. So too while ethylene difluoride 
CHoF CHgF, as we have seen, hydrolyses and decomposes with the 
greatest ease, ethylidene difluoride CH 3 CHF 2 resists hydrolysis, and is so 
stable that animals can breathe a 50 per cent, mixture with air without 
hurt. In CClgFg not only are the two fluorine atoms themselves very firmly 
bound, but they fix the chlorine atoms too, and the molecule is far more 
stable than CHgClg or CClgBrg.^^® This stabilizing influence extends to the 
next carbon atom or even to the next but one.^** Thus CH 2 Br CH 2 F is 
easily converted into glycol, but in CH 2 Br-CHF 2 the bromine is so firmly 
held that it is only hydrolysed by mercuric oxide and water at ISO"": the 
fluorine atoms only begin to hydrolyse with this reagent at 200 *^. In the 
same way the fluorine of the CHgF group is much more stable in CHgF • CHFg 
than it is in CHgF • CHgF. So too magnesium has no action on CHFg • CHBrg. 

It is thus clear that the CFg group^®^ not only has the links to the 

For the physical properties of compounds with the CFj group, see A. L. Henne 
and E. G. DeWitt, J,A.C.8. 1948, 70» 1648. 
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fluorine exceptionally strong, but also holds a third halogen on the same 
carbon atom much more firmly, and even strengthens a C—F link on a 
neighbouring carbon atom. 

Many other examples could be given of the stability of the CFg and CF 3 
groups, which often causes the compounds to behave as if the hydrogen 
had never been replaced by fluorine. Thus di-fluoro-ethyl alcohol 
CHF 2 CH 2 OH is almost identical in properties with ethyl alcohol. 
While the chloro- and bromo-alkylamines are so unstable that they can 
only be obtained as salts, CHF 2 CH 2 NH 2 is quite a stable compound, 
and can be kept unchanged for years. This stability makes some unusual 
reactions possible. Thus Swarts was able to make trifluoroacetic acid 
CF3 COOH by oxidizing F3C C 6 H 4 NH 2 with chromium trioxide. 

Again, CFgC^^^^ is not affected by heating in the dry state to 175° for a 
month, and is markedly non-inflammable. If it is forced to react with metals 
by heating, it is the chlorine which is removed, and not the fluorine. 

The considerable reactivity of the alkyl chlorides and bromides, though 
it is much diminished by the presence of the fluorine, still leaves the mixed 
halides some possibilities of reaction. Thus CHFBr COOH is hydrolysed 
even by water, and its salts are very unstable, the acid being converted 
into glyoxylic acid CHO -COOH. The most remarkable inertness is found 
in molecules which have no halogens except fluorine. Such are the two 
gases hexafiuorethane C 2 Fe, ( 0 . pt. -78*1°) and tetrafluorethylene C 2 F 4 , 
(b. pt. —76*3°).^®® Neither of these is affected by water, sodium hydroxide, 
or concentrated sulphuric acid ; metals like sodium attack them only at a 
red heat. C 2 F 4 adds on Brg and also is absorbed by oleum. C 2 F 6 , being 
saturated, is still more inert. Water, molybdenum, molybdic and tungstic 
acids, and potassium iodide do not react with it below 500°; lead oxide 
PbO does not do so below 1 , 000 °. 

When we come to the —CF 3 group the stability is still further increased 
A remarkable example is fluoroform CHF3, which can be made from bromo- 
form or iodoform by treatment with mercurous fluoride^^^ or antimony 
trifluoride.This undergoes no change on heating even with potassium 
iodide to 1,150°. Oxidizing agents have little effect on it; nitric acid, 
either alone, or with concentrated sulphuric acid, or oxides of nitrogen or 
silver nitrate, has no action in 15 days at 150°; Mn 207 has no action on it 
at 25°; when it is oxidized it is converted into COFg and HF. Its extra¬ 
ordinary physiological inertness is described below. 

The —CFg group is so stable that it is easy to convert one of its com¬ 
pounds into another without disturbing the CFg. Thus Gilman and 
Jones^*^ convert CFg CO-OEt into the amide, the nitrile, the amine 
CFg-CHg-NHg, and the diazo-compound CFg CHNg; and Simons^®® into 

For the preparation and physical properties of the fluoroalkyl ethers see 
J. D. Park, D. K. Vail, K. R. Lea, and J. R. Lacher, J.A.C.S, 1948, 70, 1650. 

H. Gilman and R. G. Jones, ib. 1943, 65, 1458. Id., ib. 1948, 70, 1281. 

Id., ib. 1943, 65, 2037. A. L. Henne, ib. 1938, 60, 2275. 

1®® J. H. Simons and E. O. Ramler, ib. 1943, 65, 389. 
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the acyl halides, trifluoroacetophenone, and many of its substitution pro¬ 
ducts. The main points to be noticed in the chemistry of these compounds 
are as follows.^®® 

CF 3 CH 2 NH 2 is a very weak base^^^; its conversion by nitrous acid 
into the diazo-compound CF 3 CHN 2 is a most unusual reaction. 
CF 3 01121 reacts with magnesium but gives no Grignard compound, 
forming MgIF and CH 2 =CF 2 .^®® (In the same way CHFg CHgl with 
magnesium gives vinyl fluoride CH 2 =CHF).i®^ Simons and Ramler^®® 
found that CF 3 COCI reacts with benzene in presence of AICI 3 to give 
trifluoroacetophenone CF 3 • CO • CeHg; this is a sign of the great stability 
of the CF 3 group, since in general AICI 3 reacts with organic fluorides to 
give chlorides and AIF 3 . Russell et determined the heat capacity of 
trifluoroethane CF 3 CH 3 from 12 "" K. to 220 ° K.; their results showed a 
barrier of 3*45 k.cals. to rotation of the CH 3 . They also found the heats 
of fusion and evaporation to be 1*48 and 4-582 k.cals., giving a Trouton 
constant of 20-29. See further 2,2,2-trifluoroethanol.^®^ 

This great stability of the CFg and CF 3 groups is remarkable in view of 
the electron diffraction measurements of Brockway,who found that 
the halogen derivatives of methane fell into two classes, in one of which 
the C—F distance was (within experimental error) 1*41, and in the other 
1*36 A (theory 1*41); moreover, all the compounds of the first class had 
only one fluorine atom on the carbon, while all those of the second had 
two. The values are: 


A 


B 


CH3F . 

CHgFCl . 
CHFCI2 . 
CFCI3 . 


1-42 ±0*02 
1-40 3 

1-41 3 

1*40 4 


CHgF^ . 
CHF2CI . 
CF4 

CF3CI3 . 


l-36i002 
1-36 3 

1-36 3 

1*35 3 


Though the increased stability of the linkage extends to the chlorine, 
no evidence was obtained that the C—Cl link is shortened in these 


compounds. 

The reason suggested by Brockway for the shortening of the C—F link 
in these compounds is this. We know that the M—Cl distance is shortened 
in SiCl 4 , GeCl 4 , etc., owing to resonance with a doubly linked MrlzCl struc¬ 
ture, but that there is no shortening in CCI4 because this structure is impos¬ 
sible here, since the carbon already has its maximum number of valency 
electrons. For the same reason the shortening of the C—F link in these 
substituted methanes cannot be due to the structure 



Brockway therefore suggests that with fluorine, since the C—F bond 

A. L. Henne and M. S. Newman, ib. 1938, 60, 1697. 

H. Russell, D. R. V. Golding, and D. M. Yost, ib. 1944, 66. 16. 
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probably has in any case a considerable degree of ionic character,* we may 
have to reckon with a form in which one fluorine is completely ionized, 
giving rise to a shortened double hnk of carbon to fluorine. 

F 



Benzotrifluoride CeHg • CF 3 (b. pt. shows a similar inactivity of 

the CF 3 group. But the presence of electron-donor groups in the ortho or 
para positions makes it much more reactive; the o- or p-phenol loses HF 
readily to alkali, and the amine, p-aminobenzotrifluoride, loses it even on 
distillation, and to some extent in the reduction of the nitro-group.^®^ 

CgFe (b. pt. —78*2°, Trouton 22 * 2 , barrier to rotation of CF 3 4*35 
k.cals.)^®^ does not react with silica below 600°, and the homogeneous 
decomposition of the vapour begins above 800°. 

Finally carbon tetrafluoride is as inert as SFg itself.^^^ Prolonged spark¬ 
ing, either alone or in presence of hydrogen, has no effect, though the 
reaction C—X-f Hg = C—H-f HX is more highly exothermic with fluo¬ 
rine than with any other halogen. According to v. Wartenberg^®^ the heat 
of formation of carbon tetrafluoride from graphite and elementary 
fluorine is 231 k.cals., which gives for C—F the unusually high value of 
117 k.cals. (usual value 103*4). At the ordinary temperature none of the 
liquids examined, which included concentrated sulphuric acid and con¬ 
centrated sodium hydroxide, had any action on it. The gas was heated 
with an enormous number of solids, including silver, bismuth, copper, 
lead, arsenic, sulphur, iron, lime, boron trioxide, P 2 O 5 , CrOg, KOH, 
potassium iodide, up to the softening point of glass without any reaction 
occurring. 

In its influence on other groups in an organic molecule fluorine has an 
even stronger acidifying effect than the other halogens, as may be seen by 
comparing the dissociation constants of the substituted acetic acids 
CHgXCOOE.^^^i 

lOOX (Classical) for CH^X COOH at 25° 

X - H F Cl Br I 

00018 0-218 0-156 0-158 0-076 

So too CHFBr • COOH is an acid strong enough to expel HCl from NaCl 
on heating. On the other hand the fluorine-substituted compounds seem 
to be more stable than their chlorine analogues. This is especially marked 
in the fluoroalcohols, which are quite stable compounds, while the chloro- 
alcohols are relatively xmstable, easily hydrolysed and easily oxidized. 

♦ According to Pauling (Chemical Bond, p. 74) the C—F link is 44 per cent, ionic. 

F. H. Field and J. H. Saylor, J.A,C,S, 1946, 68, 2649. 

*02 R. G. Jones, ib. 1947, 69, 2346. 

*0* E. L. Pace and J. G. Aston, ib. 1948, 70, 666. 

*** H, V. Wartenberg, Nachr, Qes, Wise, OoU. 1946, 67. 



Toxicity 1129 

Trifluoroisopropyl alcohoPo^ cir^. CHOH • CHg (made by the reduction of 
the corresponding acetone) is quite stable in presence either of acids or of 
alkalies, so that we can observe the effect on the properties of the 
alcoholic hydroxyl group of the accumulation of negative atoms on the 
next carbon. This trifluoroethyl alcohol is definitely acidic, in the same 
sense as, but more so than, a phenol, having a dissociation constant of 
2x10“^ (phenol 10“^®, 2,4-dichlorophenol 1*3x10“®), and forms a stable 
potassium salt with potassium carbonate in water. It also resembles the 
phenols in reacting with phosphorus tribromide to give primarily not the 
alkyl bromide but the phosphorous ester 

)CH.O.PBr2, 

CH3/ 

which, however, can be made on treatment with more bromine to give the 
expected bromide CFg CHBr CHg. 

Toxicity 

The toxicity of many of the fluorine derivatives of methane and ethane 
has been measured, in view of their possible use as refrigerants. Consider¬ 
ing how chemically inert many of them are, we might have expected their 
toxicity to be small, but we could scarcely have expected it to be as small 
as it is, particularly as many of the chlorine analogues, such as chloroform, 
carbon tetrachloride, and trichloroethane CgHgClg have a strong physio¬ 
logical action, and fluoride ion is a violent poison. 

The simplest way of expressing the physiological activity of an organic 
compound is to give the maximum percentage concentration by volume 
of the vapour that animals (mostly guinea-pigs) can stand for long periods 
without damage. For CO 2 the maximum tolerated concentration is 
2-3 per cent.; for ammonia and for chlorine about 0*01 per cent.; for the 
chlorinated methanes, ethanes, and ethylenes it ranges from about 0*1 per 
cent, for ethylene dichloride and 0*8 per cent, for ethylidene chloride 
CHg CHClg^®^ to about 1 per cent, for methylene chloride.For methyl 
chloride CH 3 CI it is 0*1 per cent., showing that this has considerable toxic 
power. The replacement of hydrogen in methyl chloride by fluorine 
considerably diminishes the toxicity but does not destroy it; many mono¬ 
fluorides with no other halogen are highly toxic, especially the fluoro- 
acetates.2®® The effect increases rapidly with the number of fluorine 
atoms introduced. If there is only one of these, then, like the chemical 
reactivity, the toxicity is not enormously reduced: the compounds 
CHFClg and CH 2 FCI have a maximum tolerated concentration of about 
4 per cent.^^* With the difluorides CHClFg and CHgFg the inertness is 
increased, and the maximum is 20 per cent.^^® If the hydrogen is all 

206 p Swarts, BvM, Sac. Chim, Beige, 1929, 38, 99. 

Toxicity of Industrial Solvents, Medical Research Council, London, 1937. 

F. Flury and F. Zemik, Schddliche Qase, Berlin. 

H, McCombie and B. C. Saunders, Nature, 1946, 158, 382. 
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replaced by halogens, the toxicity is less (this happens to some extent in 
the absence of fluorine, too : compare CHCI 3 0-37 and CCI 4 0*70) : CFgClg 
can be breathed in 40 per cent, concentration for hours without danger. 

The extreme case is fluoroform CHF3 which is particularly striking 
owing to the great toxicity of its analogue chloroform. It was shown^^® 
that a guinea-pig put into a 50 per cent, air-fluoroform mixture (by weight 
over 70 per cent. CHF3) did not know that the gas was there, and another 
in a mixture of 80 vols. CHF3 and 20 vols. Og (93 per cent. CHF3 by weight, 
63 per cent, fluorine) gave no sign of discomfort. The same is true for a 
mixture of 80 vols. CH 3 • CFg • CH 3 and 20 vols. oxygen.This is a physio¬ 
logical inactivity only paralleled by nitrogen and the inert gases. Even 
saturated hydrocarbons have a very considerable toxic effect, approach¬ 
ing that of the chloromethanes; thus with cyclohexane the maximum 
tolerable concentration is about 1*3 per cent. (Toxicity of Industrial 
Solvents, p. 120 ); with chloroform CHCI3 it is 0*37 per cent. 

Aromatic Fluorine Compounds 

In the aromatic compounds fluorine as we should expect behaves very 
differently according as it is attached to the nucleus or a side chain. The 
side-chain derivatives show that the presence of the aromatic ring has an 
effect on the behaviour of the substituents in this chain,* and in general, 
increases their activity. The fluorination of the methyl group is easier 
in toluene than in a paraffin. 

The Ar—C—F group is unusually unstable (this is overcome by the 
stability of the CF 3 group in Ar CFg); O CHgf loses HF very readily to 
form a polymer —[CH^>]„—OgCF is hydrolysed with exceptional 
ease.O • is more stable, but is readily hydrolysed^^^; ArgCFBr^®^ 

is very readily hydrolysed to the ketone; (hgCFg^^^ is much more stable 
than O CHgF, but much less so than O -CFg. This last is reduced by 
hydrogen only in the ring, giving CeHn • CFg; it cannot be hydrolysed, and 
can be heated at 150° with 10 per cent. HCl for 3 days without change. 

Compounds with Fluorine attached to the Ring 

These are the aromatic fluorine compounds in the stricter sense. The 
methods of preparation used in the aliphatic series are not as a rule avail¬ 
able here; the aromatic halides necessarily only have one halogen atom 
attached to a carbon, which makes replacement difficult, and also of course 
they have the halogen very firmly fixed; in presence of ortho- and para- 
nitro-groups, however, the chlorine can be replaced by fluorine*-*^^ (though 

♦ For a general discussion of the effect of fluorine on the reactivity of aromatic 
compounds see p. 1132 and Ingold.®*'® 

a K. and E. H. Ingold, J.C.S, 1928, 2249. 

F. F. Blicke, J,A,C,8, 1924, 46» 1515. 

til van Hove, Bull, Acad, Roy, Beige, 1913, 1074. 

A. L. Henne and H. M. Leicester, J,A,C,S, 1938, 60, 864. 

H. B. Gottlieb, ib. 1936, 58, 632. 
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the yield is not good) by treatment with potassium fluoride at 200 ®. But 
as a rule the aromatic fluorine compounds must be made through the 
diazo-compounds. This can be done by coupling the diazo-compound 
with a secondary amine such as piperidine and decomposing the diazo¬ 
amino-compound with concentrated hydrofluoric acid:^^^^^ 

2 HF + Ar-N-N-NHCgHio - Ar F + + C 5 H 10 NH.HF. 


But the yields are not good. The best method is to convert the diazo- 
compound into the borofluoride, and decompose this by heat (Balz and 
Schiemann^^®). The necessary fluoroboric acid HBF 4 is easily made by 
dissolving boric acid in concentrated hydrofluoric acid solution. The 


reaction 


Ar.N 2 BF 4 - Ar F + N.^ -f BF 3 


goes quite smoothly and quietly, and there are no by-reactions. These 
diazonium borofluorides can even be analysed quantitatively by decom¬ 
posing them with strong sulphuric acid and measuring the nitrogen 
evolved.The borofluorides are easy to handle; they are only slightly 
soluble in water, and can even be recrystallized from it. They are not 
explosive and so can be handled in quantity; the yields are good, and 
often quantitative. By means of this reaction a long series of aromatic 
fluorine compounds (phenyl, biphenyl, and naphthyl) have been made 
and investigated^^’"^® mainly by Schiemann and his collaborators. 

The quietness and smoothness of the reaction is probably due to the 
fact that the heat which is absorbed in breaking up the very stable BF 4 
complex compensates for that which is evolved in the decomposition of 
the diazo-group. 

The fluoro-aromatic compounds in general have the properties we 
should expect. They show how firmly the fluorine is attached to the ring. 
See further references Qn the whole the evidence is that fluorine is 
more firmly attached to the benzene ring than any other halogen. It can, 

O. Wallach, Ann. 1886, 235, 233; O. Wallach and Fr. Heusler, ib. 1888, 
243, 219. 

F. Swarts et al,, Rec. Trav. 1908, 27, 120. 

G. Balz and G. Schiemann, Ber. 1927, 60, 1186. 

G. Schiemann and R. Pillarsky, ib. 1929, 62, 3035. 

2 ^® G. Schiemann and E. Bolstad, ib. 1928, 61, 1403. 

2 ^® G. Schiemann, ib. 1929, 62, 1794. 

G. Schiemann and W. Roselius, ib. 1805. 

221 Id., ib. 1931, 64, 1332. 

22 * G. Schiemann and R. Pillarsky, ib. 1340. 

222 G. Schiemann, W. Gueffroy, and W. Winkelmuller, Ann, 1931, 487, 270. 

22 * G. Schiemann and W. Roselius, Ber, 1932, 65, 737. 

2*2 G. Schiemann and W. Winkelmuller, ib. 1933, 66, 727. 

22 « G. Schiemann and T. B. Miau, ib. 1179. 

22 ’ G. Schiemann, R. Pillarsky, W. Winkelmuller, T. B. Miau, and H. G. Baum- 
garten, J, pr, Chem, 1934, [ii] 140, 97. This paper contains a full bibliography and a 
discussion of the technique of the borofluoride method of making the aromatic 
fluorides. 

22* G. Schiemann, W. Winkelmuller, E. Ba^esler, and E. Ley, ib. 1935, [ii] 143, 18. 

22 ® G. C. Finger and F. H. Reed, J,A.C.S, 1944, 66, 1972. 
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however, be removed quantitatively from fluorobenzene by heating with 
sodium in a sealed tube.^^® Gilman and Heck have shown^®^ that mag¬ 
nesium does not act on fluorobenzene under ordinary conditions at all; 
after 6 months no Grignard reagent was found to have been formed, and 
after 18 months very little. (Chlorine shows a somewhat similar reluctance 
to form Grignard compounds.) The alkyl fluorides form Grignard com¬ 
pounds with magnesium, though not always very readily. Para-fluoro- 
bromo-benzene^^^ is readily converted into the compound F C6H4Mg Br, 
and the usual products of the reactions of this compound, without the 
fluorine atom being disturbed. 

On the other hand with alkalies, and even with alcoholic potash, the 
fluorine can react. The conversion of a fluoride into a methyl ether by 
treatment with potassium hydroxide in methyl alcohol can be made to go 
even with fluorobenzene itself^^^; the reaction becomes quite easy when 
the ring has a nitro-group in the ortho^^® or para^^^ position to the 
fluorine. 

In aromatic compounds fluorine, like the other halogens, directs further 
substitution to the ortho and para positions; the ratio para/ortho is larger 
for fluorine than for chlorine, this quantity diminishing in the order 

F > Cl > Br > 1.206.234 

B. Jones^^® finds that on the rate of chlorination of the anilides fluorine 
and chlorine in the para positions have about the same effect; with the 
ethers the relative rates for F, Cl, Br are ortho 43, 37, 44 ; and para 
19, 10, 10. 

Hydrogen Fluoride as an Organic Catalyst 

It has recently been shown, largely by J. H. Simons {J,A.C,S, 1938- 
43236-49.265-6.268 64) hydrogen fluoride is a valuable catalyst in a number 
of organic reactions. It will usually^^® catalyse the same reactions as 
aluminium chloride, sulphuric acid, or boron trifluoride; but it will bring 

230 J. Piccard and C. Bufi'at, Helv, Chim. Acta, 1923, 6, 1047. 

231 H. Gilman and L. L. Heck, J.A.C.S, 1931, 53, 377, 378. 

232 B. Tronow and E. Kruger, J. Ricss. phys. chem. Ges. 1926, 58, 1270. 

233 H. Rouche, Bull, Acad. Boy. Beige, 1922, [5] 7, 534. 

234 C. K. Ingold and C. C. N. Vass, ib. 2262. 

235 B. Jones, J.C.S. 1938, 1414. 

23« J. H. Simons, G. H. Fleming, F. C. Whitmore, and W. E. Bissinger, J.A.C S. 
1938, 60, 2267. 

237 J. H. Simons and S. Archer, ib. 2952. 238 ^ 2953. 

239 J. H. Simons, S. Archer, and E. Adams, ib. 2955. 

240 J. H. Simons, S. Archer, and H. J. Passino, ib. 2956. 

241 J. H. Simons and S. Archer, ib. 1939, 61, 1521. 

242 J. H. Simons, D. I. Randall, and S. Archer, ib. 1795. 

243 J. H. Simons, S. Archer, and D. I. Randall, ib. 1821. 

244 J. H. Simons and S. Archer, ib. 1940, 62. 451. 

2*3 J. H. Simons, S. Archer, and D. I. Randall, ib. 485. 

243 J. H. Simons and S. Archer, ib. 1623. 

247 J. H. Simons and H. J. Passino, ib. 1624. 

243 J, H. Simons, J. Ind. Eng. Chem. 1940, 32, 178. 
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about some reactions that they will not, such as the addition of an ali¬ 
phatic halide to an olefine. It has the advantage over aluminium chloride 
that it does not form tars, and over sulphuric acid that it does not substi¬ 
tute. It is also very easily removed after the reaction by distillation and 
in other ways. 

For a general account of this see Simons,from which much of the 
following is taken. 

Anhydrous hydrogen fiuoride is now (1940) made commercially in the 
U.S.A. by the controlled action of sulphuric acid on calcium fluoride, and 
is purified by distillation ; it then contains from 0-1 to 0-5 per cent, of 
water, and from 0*01 to 0*1 per cent, of silicon tetrafliioride, and sells at 
1 dollar per lb. for a few lbs., and 20 cents a pound in quantity. It is made, 
purified, and stored in steel vessels, which are not seriously attacked, 
although owing to the catalytic effect of iron, the organic reactions should 
as a rule be carried out in copper vessels. No chemical reagent will dry 
hydrogen fluoride; calcium chloride, sulphuric acid, and phosphorus 
pentoxide all react with it, and it can only be dried by electrolysis. For 
many organic reactions, however, traces of water do not matter. 

The organic reactions which hydrogen fluoride catalyses may be divided 
into polymerizations, alkylations, acylations, and certain special reactions. 

Polymerizations .These occur even with rubber: tubes and stoppers 
are converted in contact with HF into a hard brittle mass. All kinds of 
unsaturated compounds from ethylene to linseed or Soya-bean oil are 
polymerized by it; so too are many aldehydes, but not aromatic hydro¬ 
carbons.^^ 

Alkylations. Alk;yl groups can be introduced, especially into aromatic 
hydrocarbons, with olefines,alkyl halides,esters, 
or alcohols.2^^’2^®’249.252 reactions can be done in steel vessels, mostly 
at 0''-20°, using 25-50 per cent, of anhydrous HF. It is to be noticed that 
benzene condenses with propylene to give isopropyl benzene,but with 
cyclopropane to give normal propyl benzene.In the condensation with 
alcohols there are two curious points,(1 ) with HF alcohols react better 

J. H. Simons and G. C. Bassler, J.A.0.(9. 1941, 63, 880. 

A. V. Grosse and C. B, Linn, J. Org. Chem. 1938, 3, 26. 

W. S. Calcott, J. M. Tinker, and V. Weinmayr, J.A.C.S. 1939, 61, 949. 

252 Id., ib. 1010. 

2®2 L. F. Fieser and E. B. Hershberg, ib. 1940, 62, 49. 

2»* Id., ib. 1939, 61, 1272. 

2 ^® J. H. Simons and A. C. Meunier, ib. 1943, 65, 1269. 

2*^* J. H. Simons and E. O. Ramler, ib. 1390. 

2 ®’ V. N. Ipatiev, H. Pines, and R. E. Schaad, ib. 1944, 66, 816. 

2 ^® J. W. Sprauer and J. H. Simons, ib. 1942, 64, 648. 

2 ®® J. H. Simons and A. C. Werner, ib. 1356. 

2 ®® S. M. McElvain and J. W. Langston, ib. 1944, 66, 1759. 

2 *^ W. H. Pearlson and J. H. Simons, ib. 1945, 67, 352. 

2®2 H. Pines and V. N. Ipatiev, ib. 1631. 

2®2 H. Pines, A. Edeleanu, and V. N. Ipatiev, ib. 2193. 

2®4 E. B. Butler, C. B. Miles, and C. S. Kuhn, Jnd. Eng. Chem. 1946, 38, 147. 
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than halides, but with aluminium chloride the reverse holds; ( 2 ) secondary 
and tertiary alcohols react at the ordinary temperature, but primary only 
do so with difficulty at temperatures below 100 °. Further,^^’ while eth}^ 
and the higher alkyls can be introduced into benzene in this way, methyl 
alcohol, methyl acetate, and methyl iodide will not react, though with 
aluminium chloride methyl chloride readily reacts, and even methyl 
alcohol will do so. The alkylation by alcohols and olefines cannot be due 
to the intermediate formation of alkyl fluoride, as the reaction goes more 
slowly with the alkyl fluoride itself than with the doubly linked C~C 
group. 

/V yv The production of new rings goes especially well with hydrogen 
III fluoride; thus^*^^ perylene (see figure) is formed from phenanthrene, 
I Jx J acrolein, and HF. 

Y Y Acylation ,This can be done^^^ with acids, anhydrides, 
esters,or acyl halides, usually in a bomb at 80-100°. Unlike 
I J aluminium chloride HF gives as good a yield with the free 
carboxylic acid as with the acyl halide or ester, and sometimes 
a better one. Thus toluene+aceitic acid gives -methyl acetophenone. 

Carboxylation. 7 i-Propyl alcohol reacts with 90 per cent, formic acid in 
presence of hydrogen fluoride at 100 ° to give r^-butyric acid; the same 
product is obtained in presence of hydrogen fluoride from primary propyl 
chloride and nickel car])onyl. 2 ^® 

Special Reactions. A curious shortening of the carbon chain by splitting 
off a carbon atom can occur. Thus^^e tertiary amyl chloride with HF at 0 ° 
gives 10-17 per cent, of tertiary butyl chloride, along with more compli¬ 
cated products (hexyl, heptyl, undecyl chlorides, etc.); the production on 
alkylation with AICI 3 of tertiary butyl groups from higher (amyl, hexyl, 
octadecyl) halides was noticed by Gilman. In the sanie way^^^ di- and tri¬ 
isobutylene split up when treated with HF and phenol, and give p-tert. 
butyl phenol. 

Similarly hydrogen fluoride can bring about various inter- and intra¬ 
molecular rearrangements: thus^^^ tert. butyl benzene+phenol gives teri, 
butyl phenol-f-benzene: benzophenone oxime gives benzanilide'^Beck¬ 
mann reaction): phenyl acetate gives ^-acetyl phenoP^®: 

y_0._-C0_CH3-> CH3— CO--<^ y-OH. 

The number of additions that can be made to C=C in presence of HF 
is especially large. Hydrocarbons, phenols, alcohols, acids, and alkyl 
halides^^® can be added on in this way; benzene reacts with butadiene in 
HF to give a-, j 8 -diphenyl butane CH 3 • CHg • CHO • CH 2 < 1>.266 Condensations 
are also frequently produced by it, as when acetophenone gives dypnone 


CH3' 

<D 




See further references 
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It was long believed that fluorine was incapable of combining with oxygen, 
to give either an oxide or an oxy acid. We now know that it can certainly 
form two oxides, FgO and FgOg (a third, FO, has been described, but in 
error); whether it can also form an oxyacid is very doubtful. 

Fluorine monoxide F 2 O was first obtained by Lebeau^®^®, best by pass¬ 
ing fluorine gas slowly through 2 per cent. NaOH solution; the gas so pro¬ 
duced contains about 70 per cent, of F 2 O. This is the method which is now 
always used for its preparation. The reaction is not understood: in pure 
water only a small quantity of F 2 O is produced,while in concentrated 
sodium hydroxide the whole of the F 2 O is decomposed. 

A more complete investigation of its properties was made by Ruff and 
his collaborators.^®’ ® The fullest and most accurate account is in the last 
of these. The gas was carefully purified by fractional distillation, and was 
shown by analysis to contain 99*8 per cent. F 2 O. 

Fluorine monoxide F 2 O is a colourless gas, condensing to a yellow-brown 
liquid. B. pt. —144-8° C. (128-3° K.), m. pt. —223*8° C. (49-3° K.); this 
is the lowest melting-point recorded for any compound (unless we include 
HD, m. pt. 13-95° K.). Critical temp. —81° C. The heat of evaporation 
is 2-65 k.cals., and hence the Trouton constant 20*65.^®® The density at the 
melting-point is found by extrapolation to be 1-90. 


The infra-red spectrum indicates an O 


/F 

\f 


molecule with an angle of 


100°.275 


Fluorine monoxide has a peculiar smell, rather like that of elementary 
fluorine. It is even more poisonous than fluorine itself^®® ; it penetrates 
more deeply into the lungs, and its full effect is only felt after a time. 
The results can be mitigated by inhaling 1 per cent, solutions of calcium 
chloride and magnesium sulphate. 

FgO is an endothermic compound, its heat of formation from gaseous 
fluorine and oxygen being — 4-6J:2 k.cals.^®’ Hence its heat of formation 
from its atoms is 

F 2 + ^©2 = F 2 O — 4-6 


33-3 59-1 87*8 


2 *® P. Lebeau and A. Damiens, C.R, 1927, 185, 652. 

Id., ib. 1929, 188, 1263. 

O. Ruff and W. Menzel, Z, anorg, Chem. 1930, 190, 257. 

O. Ruff and K. Clusius, ib. 267. 

2 ®® O. Ruff and W. Menzel, ib. 1931, 198, 39. 

2 ^® F. Ishikawa, T. Murooka, and H. Hagisawa, Bull, Inst. Phya, Chem, Rea, 
Tokyo, 1933, 12, 742. 

Id., Sci, Rep, Tohuku, 1934, 23, 431. 

F. Ishikawa, H. Sato, and T. Takai, BvU, Inst. Phya. Chem. Res. Tokyo, 1934, 
13, 1063, 1068. 

W. Koblitz and H. J. Schumacher, Z. phyaikal. Chem. 1934, B 25, 283. 

G. H. Cady, J.A.C.8. 1936, 57, 246. 

G. Hettner, R. Pohlman, and H. J. Schumacher, Z.f, Phyaik. 1936, 96, 203. 
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87-8 k.cals., showing that the heat of formation of the F—O hnk is 43*9 
k.cals. According to Pauling’s theory, the very small heat effect of the 
formation of the oxide from the gaseous elements is a sign that the hnks 
in FgO are almost purely covalent. 

Fluorine monoxide does not attack glass in the cold, and although it is 
slightly endothermic has never been found to explode at temperatures 
below its boiling-point. Mercury pumps cannot be used with it, as it 
corrodes the mercury; cooled charcoal must be used, and with care, since 
if the gas is at too high a pressure when it is brought into contact with the 
charcoal, violent explosions may occur. 

Fluorine monoxide breaks up into its elements on heating. Koblitz 
and Schumacher273 measured the decomposition by means of the change 
of pressure. The reaction 

2 F^O - 2 F^ + O 2 

involves a 50 per cent, increase in pressure. At 260° C. the change takes 
up to 5 hours or so; the pressures used varied from 80-760 mm. 

The reaction was carried out with the pure gas, and also in presence of 
varying amounts of other gases, such as nitrogen, helium, argon, oxygen, 
and sihcon tetrafluoride. The rate of decomposition is given approximately 
by the equation 

^ K.[F,0]([F,0] 4- [X] + [Y]...) 

where [X], [Y], etc., are the concentrations of the added gases. This indi¬ 
cates that the reaction is really monomolecular, but that the life of a mole¬ 
cule activated by collision (either with another F 2 O or with a molecule of 
an added gas) is very short (less than 10"^^ sec.), so that it always breaks 
up before it is deactivated, as happens at very low pressures in other 
monomolecular reactions. 

In generaP®® fluorine monoxide is less active than fluorine, and often 
(e.g. with many metals) will not react below a rather high temperature, 
where the real reagent may be the liberated fluorine. In dry systems it 
usually fluorinates; in presence of water (see further below) it is an oxidizing 
agent. But it was shown by L. M. Dennis that the traces of free oxygen 
in the crude gas can be completely removed by exposure to yellow 
phosphorus. 

Its reaction with water is of interest. This is so highly exothermic : 

FgO + - O 2 -f 2 HF -f 74-8 k.cals. 

that we should expect it to occur very readily. As a fact, however, it does 
not. The gas can be kept over water unchanged for four weeks. 2 ®® In the 
absence of liquid water the reaction is still slower; no change was found to 
occur in the moist gas in a year.^^^^ The solubiUty of the gas in water at 
0 ° is 68 c.c. per litre**® (at 0° a litre of water dissolves hydrogen 22 c.c., 
nitrogen 23, oxygen 49, argon 53); the solution obeys Henry’s law.*’® 
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In the presence of alkali on the other hand, especially if it is concen¬ 
trated, the decomposition is rapid and complete. The gas is quickly 
absorbed with liberation of oxygen, and the production of an oxidizing 
solution^’®"’; what this may contain is not certain, but it was shown^'^’^ 
that it is not potassium ozonate, as had been suggested. 

Fluorine monoxide has an inertness, especially to water, similar to, but 
rather less than, that of nitrogen fluoride and to be explained in the same 
way. The complex 

) 0 -H—O—H 

F/ 

can be formed just as /O- -H—O—H 

CV 

can with CI 2 O, but the further stage of the elimination of HOF (as CI 2 O 
gives HOCl) is impossible because HOF does not exist. 

Ruff269 failed to find any higher fluoride (e.g. OF 4 ) in the residue from 
the distillation of F 2 O. This is natural, since oxygen cannot have more 
than a valency octet. 

Fluorine Dioxide, FgOg 

The second oxide of fluorine FgOg was discovered by RuflF and Menzel 
in 1933.It is formed when a mixture of fluorine and oxygen, cooled 
with liquid air, is exposed to the electric discharge. It is a brown gas, 
condensing to a cherry-red liquid and an orange solid.^^® It begins to 
decompose at about — 100 ° into what was thought to be another oxide 
FO, but is now known to be a mixture of Fg and Og (see below). At 

— 100 ° and below, the gas has the vapour density and composition corre¬ 
sponding to FgOg. It can be purified by distillation at —115° under a 
pressure of a few mm,, the decomposition products Fg and Og being con¬ 
tinuously pumped off. Its physical properties are^®®: v.p. (measured with 
quartz spiral) 10 mm. at —119*5°; 50 mm. at —101°; at about —95° 
(v.p. ca. 80 mm.) decomposition begins. Extrapolation gives the b. pt. 

— 57° C.; heat of evaporation 4*57 k.cals., Trouton constant 21 * 2 . M. pt. 
—163*5° C. (109*6° K.). Density: solidatm.pt. 1*912, liquidatb.pt. extra¬ 
polated 1*44. For the infra-red absorption spectrum see reference 

L. M. Dennis and E. G. Rochow, J.A.C.S. 1932, 54, 832. 

2” Id., ib. 1933, 55, 2431. 

2 ^® F. Fichter and W. Bladergroen, Hehy, Chim. AcUiy 1927, 10, 549. 

2’® O. Ruff and W. Menzel, Z. anorg. Chem. 1933, 211, 204. 

2®® Id., ib. 1934, 217, 85. 

P. Frisch and H. J. Schumacher, ib. 1936, 229, 423. 

282 Id., Z. physikal, Chem. 1936, B 34, 322. 

283 O. Ruff, her. 1936, 69, A 191. 

284 P. Frisch and H. J. Schumacher, Z. Elektrochem. 1937, 43, 807. 

288 H. J. Schumacher and P. Frisch, Z. physihiL Chem. 1937, B 37, 1. 

288 p. H. Brodersen, P. Frisch, and H. K. Schumacher, ib. 25. 
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On warming, the gas decomposes, and in so doing doubles its volume. 
This is compatible with either of the two reactions: 


= 2 FO or + O^. 


The product was at first supposed to be a new oxide FO, because it was 
found that on vigorous shaking it was completely absorbed by 30 per cent, 
hydriodic acid; this seemed to exclude the possibility that it contained 
free oxygen. Frisch and Schumacher,^®^ however, showed that the decom¬ 
position product gave an absorption spectrum identical with that of a 
mixture of Fj and O 2 ; they further found that 30 per cent, hydriodic acid 
is able to absorb oxygen under the conditions of Ruff’s analysis. Ruff^®® 
agrees that there is no reason to think that FO exists. 

As the dioxide is only stable below —0.5°, there is little to say about its 
chemical properties except with rcsj)ftct to its decomposition into its 
elements. This reaction is conveniently measured between —2.5° and 
gQO 282,284-6 jg homogencous reaction of the first order, with a heat of 
activation of 17-0 k.cals. 

As to the structure of F 2 O 2 we have no evidence whatever; it may be 


P\ 

either F—0—0—F or /O-^O. The readiness with which it breaks up 

f/ 

into its elements makes the examination of its structure very difficult. 


Fluorine Perchlorate, F CIO^ 

This remarkable substance is made®®^ by passing fluorine over cold 
72 per cent, aqueous perchloric acid. It is a colourless gas melting at 
— 167-5° and boiling at —15-9°. It is explosive even down to its freezing- 
point. It is obviously analogous to the nitrate F-NOg described above 
(V. 703). As will be shown later (VII. 1242), there is reason to think that 
the iodide I • CIO4 is formed by the action of iodine on silver perchlorate, 
although only its decomposition products can be isolated. 

G. H. Rohrback and G. H. Cady, J.A.G.S. 1947, 69, 677. 
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Many of the physical properties of these elements are given in the table 
on p. 1098. 

Elementary Chlorine 

Chlorine is the most abundant of the halogens, especially in sea water, 
a ton of which contains in grammes chlorine 15,000, bromine 97, iodine 0*17 
(ratio 10 ®: 6 , 000 : 1 ). Its preparation depends on the discharge of its ion, 
either directly (i.e, electrolyticaUy) or by oxidation. The older methods of 
oxidation (by manganese dioxide or by air in presence of certain catalysts) 
have now been replaced for technical purposes by the electrolysis of 
sodium chloride, which is primarily for the production of caustic soda, the 
chlorine being a by-product; the chloroparaffins which are now so much 
used as solvents were developed to utilize this chlorine. 

Chlorine has two isotopes of masses 34-979 and 36*978^®® in the propor¬ 
tions 75-4, 24*6.2®® They have been separated almost completely by 
thermal diffusion in a 20 -m. tube (Clusius and DickeP®*^^); their electro¬ 
lytic separation factor is 1*006 on platinum electrodes, or 1*007 on 
graphite. 2®2 The boiling- and melting-points data (p. 1098) are given by 
Giauque. 2®2 Yor the high purification of chlorine by distillation and 
freezing see reference The dipole moment of chlorine is zero. 2 ®® 

Chemically chlorine is extremely reactive, though less so than fluorine. 
Water absorbs about twice its volume of the gas at 25°. It is present in 
the solution partly as such, and partly as what may be called the hydro¬ 
lytic products HCl and HOCl. In an N/40 solution of chlorine in water 
about one-half is present as the two acids. On standing, and more rapidly 
in sunlight, this 'chlorine water’ evolves oxygen through the conversion 
of HOCl into HCl. 

Chlorine can also form with water at low temperatures a crystalline 
hydrate, which has a dissociation tension of Clg of 760 mm. at 9 * 6 °. 2 ®® 
Faraday gave this hydrate the formula Clg, 10 HgO. Recent work indicates 
that it is Cl 2,6 H 20 , 2»7 or 8 H 20 . 2 ®® 

Atomic Chlorine 

This highly active monatomic form of chlorine, analogous to those 
of hydrogen, oxygen, and nitrogen, was discovered simultaneously by 

S. Okuda, K. Ogata, K. Aoki, and Y. Sugawara, Phys, Rev. 1942, 58, 578. 

A. O. Nier and E. E. Hanson, ib. 1936, 50. 722. 

K. Clusius and G. Dickel, Naturwisa, 1939, 27, 148. 

*•1 Id., ib. 487. 

H. L. Johnston and D. A. Hutchison, J. Chem. Phys. 1942, 10, 469. 

W. F. Giauque and T. M. Powell, J.A.C.8. 1939, 61, 1970. 

P. M. Fye and J. J. Beaver, ib. 1941, 63, 1268. 

E. Kanda, BuU. Soc. Chem. Japan, 1937, 12, 473. 

G. Tammann and J. G. R. Krige, Z. anorg. Chem. 1925, 146, 192. 

A. Bouzat and L. Azini^res, C.R. 1923, 177, 1444; S. Anwar-XJllah, J.C.8. 
1932, 1172. 

••• I. Harris, Nature, 1943, 151, 309. 
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Rodebush^®® and by Schwab.It is formed by the action of the electric 
discharge on chlorine gas at low temperatures. The metal of the electrode 
is liable to catalyse the recombination of the atoms. Hence Rodebush used 
external electrodes, while Schwab found that internal water-cooled elec¬ 
trodes of iron were more effective. Below 1 mm. the gas can be atomized 
up to some 20 per cent. The atoms recombine rapidly; the rate— or rather 
the amount of uncombined atoms left—may be measured by the heat 
evolved on a thermo-junction inserted in the gas at varying distances 
from the source, in a tube along which the gas is passing at a known rate. 
At about 0*1 mm. pressure the mean life in a glass tube was found to be 
6x 10'® second.®^" The combination®^^^ ® occurs only on the walls of the 
tube. It is promoted by magnesium and by copper, and still more by 
silver, but platinum has no more effect than the glass. Methane ‘ kills ^ 
the catalytic power of the glass, presumably by occupying the surface. 
Carbon monoxide promotes it. 

Atomic chlorine is highly reactive, combining slowly with sulphur and 
red phosphorus, rapidly with copper and chromium sesquioxide. It also 
can be shown to start the long chains in a mixture of hydrogen and 
chlorine. 

Elementary Bromine 

Bromine has two natural isotopes 79 and 81, present in nearly equal 
amounts (50*6 and 49*4: Blewett®®^). It is remarkable for giving at least 
five artificial isotopes, two of which are isobaric.®^^'^^ Their masses and 
life periods are®®®“®: 

Mass numbers. .78 80 a 80 b 82 83 

Half-life . . . 6*4' 18*5' 4*64 hr. 33*9 hr. 2*54 hr. 

For work on isotopic exchange see p. 1098. 

For boiling-points, etc. (p. 1098) see reference ®i®. The dielectric constant 
is 3*33 at 0°.®^^ Bromine is the only element except mercury that is liquid 
at the ordinary temperature. 

Bromine is practically always made from a solution of a natural 
halide containing it (commonly ‘bitterns’, the mother liquor from the 

W. H. Rodebush and W. C. Klingelhoefer, J.A,0,S, 1933, 55, 130. 

G. M. Schwab and H. Friess, Naturwiss. 1933, 21, 222. 

Id., Z, Elektrochem. 1933, 39, 686. 

E. J, B. Willey and S. G. Foord, Proc, Roy. Soc. 1934, 147, 309. 

G. M. Schwab and H. Friess, Z. phyaikaL Chem. 1936, 178, 123. 

J. P. Blewett, Phys. Rev. 1936, 49, 900. 

306 A. H. Snell, ib. 1937, 52, 1007. 

*0® R. Fleischmann, Z. Phys. 1937, 107, 206. 

3®’ E. Friedmann, A. K. Soloman, and N. T. Werthessen, Nature, 1939, 143, 472. 
3®8 C. S. Lu and S. Sxigden, J.C.S. 1939, 1273. 

3®» J. E. Willard, J.A.C.S. 1940, 62, 256. bio id., ib. 3161. 

3^1 A. Berthelot, Ann. Physique 1944 [xi] 19, 117, 219. 

313 P. M. Doty and J. E. Mayer, J. Chem. Phys. 1944, 12, 323. 

818 E. C. Scheffer and M. Voogd, Rec. Trav. 1926, 45, 217. 

31* D. Doborzynski, Z. Phys. 1930, 66, 657. 
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manufacture of common salt), by treatment with chlorine followed by 
distillation or extraction with air or a hydrocarbon solvent such as 
benzene. It has been calculated that there are in Germany 6 x 10^® tons 
of carnallite (KCl, MgClg, 6 HgO) containing 0-2 per cent., that is 120 
million tons, of bromine. 

The use of lead tetraethyl as an anti-knock in petrol enormously 
increased the demand for bromine, as ethylene dibromide had to be 
added (along with the dichloride) to the petrol to remove a deposit of lead 
from the cyhnders. About 600 g. of bromine are needed per ton of petrol; 
this meant in Britain in 1938 500 tons, and in the U.S.A. in 1936 12,000 
tons—three times the total previous annual consumption. New sources of 
bromine were found, partly in salt lakes and salt deposits with a consider¬ 
able bromine content, but especially in the sea water, which contains 
97 g. per ton. This is extracted commercially at Wilmington, N. Carolina. 
The large volume of extracted water must be returned to the sea in such 
a way that it does not dilute the intake. On this coast there is a steady 
southward current, and the works is on a tongue of land between the sea 
and the estuary of a river flowing southwards, so that the water is taken 
in from the sea, and the debrominated exhaust sent into the river, from 
which the current carries it away to the south. The sea water is sUghtly 
acidified with H 2 SO 4 , and treated with the exact amount of chlorine 
required, the acidity and the free halogen content being closely controlled 
by means of a hydrogen electrode and a 'redox’ electrode. The hquid 
then falls through a counter current of air, which removes 90 per cent, of 
the free bromine. The air is stripped of its bromine by concentrated 
sodium carbonate solution, and when this is acidified the bromine sepa¬ 
rates as a liquid layer, and is at once combined with ethylene to give 
ethylene dibromide. 

Solid bromine is isomorphous with iodine; it has a molecular structure, 
with a separation of 2*27±0*10 A.U. between the atoms®^® (theory 2*28); 
this result agrees with the value 2-26 obtained®^® from the band spectrum 
of the gas, and that of 2-27 got by electron diffraction of the vapour.®^’ 
It retains an intense orange colour even in hquid hydrogen at —252°.®^® 

Liquid bromine is of course deeply coloured, but its colour (Hke that of 
chlorine but unlike that of iodine) is httle affected by the solvent, the 
absorption bands having much the same position in the vapour, in water, 
in chloroform, and in carbon tetrachloride.®^® 

Chemically elementary bromine is of course very reactive, its behaviour 
being hke that of chlorine, but less violent. Thus in the cold it attacks 
gold but not platinum. 

Liquid bromine is a fairly good solvent, especially for hahdes; sometimes, 

B. Vonnegut and B. E. Warren, J.A.C.S, 1936, 58, 2469. 

31® M. C. Neuberger, Qitterkonstante^ 1931. 

31’ R. Wierl, Phys. Z, 1930, 31, 366, 1028, 

®i® K, Clusius, Z. Naturforach. 1947, 2 b, 244. 

31® See Gmelin, Brom, p. 89. 
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as with ammonium halides, and also certain organic solutes such as benza- 
jjjide^so ethers,the solutes are more or less ionized. Its conduc¬ 

tivity is extraordinarily minute, less than that of pure water, being about 
0*16x10“® mhos at 18°,®22 purest water being 4x10'"®, so 

that the pure liquid can scarcely be ionized at all. 

Atomic Bromine 

Bromine vapour can be dissociated by sparks®^® and recombines on 
standing. It is also dissociated by heat®^® and by light; in the last event the 
product is a normal and an excited atom, as is usual with covalent mole¬ 
cules (Franck and Sponer); the heat of thermal dissociation has been 
found to be 48-1 k.cals. (theory 53*8). 

It can be dissociated by the electric discharge in exactly the same way 
as chlorine, with the use of water-cooled iron electrodes in the vapour at 
a pressure of 0*1 mm.®^'^ The degree of atomization, as with chlorine, is 
from 10 to 40 per cent. Recombination of the atoms is much more rapid 
than with chlorine (though the heat evolved is less), occurring whenever 
an atom hits the wall (with chlorine only about 1 in 12 of such collisions 
is effective); unlike chlorine this is only slightly slowed down by adding 
methane. Hence it is ver}^ difficult to observe the reactions of atomic 
bromine. Recombination of the atoms in the gas itself is much slower, 
because a triple collision is necessary to get rid of the energy of combina¬ 
tion; of the double Br+Br collisions only about 1 in 10® is fruitful.®®^ 
In the presence of a considerable amount of a foreign gas the homogeneous 
reaction is quicker; it can then be measured®®® by adding hydrogen, and 
observing the rate of formation of hydrogen bromide, which is a measure 
of the concentration of bromine atoms; in this way the power of different 
gases to cause the recombination can be determined. Further measure¬ 
ments of the same kind have been made by using the intensity of the 
absorption as a measure of the concentration of the bromine molecules.®®'^ 

Bromine and Water 

Bromine is miscible with the ordinary organic solvents, but its solubility 
in water is limited, and that of water in bromine still more so. At 22® 
bromine will dissolve only 0*046 per cent, of water®®®; water dissolves 
3*5 per cent, of bromine, the amount being nearly constant from 6®, the 
melting-point of the hydrate, to 55®, where the saturated solution, or the 

820 Finkelstein, J. Russ, Phys, Chem, Soc. 1926, 58, 666. 

B. P. Bruns, Z, anorg. Chem. 1927, 163, 120. 

M. Rabinovitsch, Z. physikaL Chem, 1926, 119, 81; W. Finkelstein, ib. 

121 , 47 . 

J. J. Thomson, Proc, Roy. Soc. 1887, 42, 345. 

G. M. Schwab, Z. physikaL Chem, 1934, B 27, 462. 

V. Kondratjev and A. Leipunsky, Z. Phys. 1929, 56, 353. 

**• K. Hilferding and W. Steiner, Z, physikaL Chem, 1936, B 30, 399. 

E. Rabinovitsch and H. L. Lehmann, Trans. Far. Soc. 1935, 31, 689. 
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two-liquid system, boils under atmospheric pressure.^^® There is a sohd 
hydrate of bromine which is stable in contact with the solution from the 
cryohydric point of —0*3® up to about -h6*2®, where it melts to give two 
hquid layers. Its composition probably^®^^ is Brg, 8 HgO. 

Bromine reacts with water hke the other halogens, giving hydrobromic 
and h 5 rpobromous acids, but the reaction is more comphcated than with 
chlorine since polybromides, Brg, and some Br^, and perhaps even higher 
compounds, are formed. It has been found®^^ that the proportions of the 
various products in a saturated solution of bromine in water at 25® are, 
in milhmoles per htre: 

Brj HOBr Br~ Br" Br“ 

20-68 1-7 1-71 0-37 1-21 0-13 

Elementary Iodine 

Iodine is the rarest of the halogens. One ton of average rock contains 
0*3 g., and 1 ton of sea water 17 mg.®^^ It has long been obtained from 
kelp, the ashes of certain species of seaweed, which contain from 0*1 to 
3 per cent, of iodine, but it is more readily got from Chile saltpetre 
(NaNOg) which contains up to 1 per cent, of iodine as iodate. The world 
production in 1929 was 1,650 tons of which 80 per cent, came from Chile. 

Sohd iodine has a molecular lattice of Ig molecules, isomorphous with 
sohd bromine. Its molecular weight in neutral (non-ionized) solution is 
always that of I 2 . 

liquid iodine has a perceptible conductivity of 5*22 x 10"^ at 117®, just 
above its melting-point.^^® It is remarkable that this, hke the conductivity 
of a metal, diminishes with rise of temperature, being only 3*95 X 10“^ at 
165®. The rise in conductivity with atomic weight in the halogens is 
renjarkable; the foUowing are the values for the liquids near their boihng- 
points. 

Cl Br/Cl Br I/Br I 

Less than lO^^* 6,600,000 6-6 x 10"io 96,000 6-22 x 10"*^ 

Iodine may here be showing something of a metalhc character. 

Gaseous iodine dissociates on heating more readily than any of the 
other halogens; its heat of dissociation is 36*1 k.cals./Ig^®^; for the rate of 

H. W. Bakhuis Roozeboorxi, Rec. Trav, 1884, 3, 73; 1886, 4, 71; 1886, 5, 380, 
393; Z, 'phyaikal. Chem. 1888, 2, 452, 477; F. H. Rhodes and C. H. Bascom, Ind, 
Eng. Chem. 1927, 19, 480. 

H. W. Bakhuis Roozeboom, Rec. Trav. 1884, 3, 84. 

331 H. Giran, C.R. 1914, 159, 246. 

332 I. W. H. Harris, J.G.S. 1932, 682. 

338 J. d’Ans and P. Hofer, Z. angew. Chem. 1934, 47, 71. 

334 W. C. Bray and E. L. Connolly, J.A.C.S. 1911, 33, 1487 ; G. Jones and M. L. 
Hartman, Trans. Amer. Electrochem. Soc. 1916, 30, 296, 

333 I. Masson, Nature^ 1938, 141, 227. 

33« M. Rabinovitsch, Z. physikal. Chem. 1926, 119, 82. 

33’ M. L. Perlman and C. K. Rollefson, J. Chem. Rhys. 1941, 9, 362. 
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recombination of the atoms see reference Under 1 atm. pressure the 
dissociation begins to be perceptible at 600°, is 36 per cent, at 800°, 80 per 
cent, at 900°, and practically complete at 1,000°. 

Iodine is black or grey in the solid state, practically black in the liquid, 
and a fine violet (whence the name) in the vapour. The colour of its solu¬ 
tion varies in a very curious way with the nature of the solvent. This 
phenomenon has been the subject of numerous investigations.®^^ The 
fundamental fact is that iodine in solution is sometimes violet and some¬ 
times brown, and less often has an intermediate red colour. Iodine 
chloride, bromide, and cyanide behave in the same way (see later, pp. 1153, 
1155). Violet solutions, of much the same colour as the vapour, are 
formed in such solvents as the paraffins and many of their halogen- 
substitution products, red in the aromatic hydrocarbons (and also in 
concentrated hydrochloric and nitric acids) and brown in water and the 
alcohols.®^® The colours of the solutions are often affected by temperature, 
low temperatures usually favouring brown, and high temperatures violet. 
Thus the brown solution in ethyl stearate or oleate becomes violet if 
heated to 80°. 

The absorption spectra®^^ are practically identical in their general form 
in the visible. There is one main absorption band, of which the maximum 
is with the violet solutions at about 5,400 A, with the red about 5,200 A, 
and with the brown about 4,700 A. The extinction coefficient (for the 
range 4,300-6,800 A) is almost constant for the violet solutions at 0-42; 
for the brown solutions it is less, and varies from 0*23 to 0*30 (except for 
the brown solution in nitrobenzene, where it is again 0*42). The violet 
solutions obey Beer’s law, but the brown do not, although the ])recise 
character of their departure from it has not been investigated. 

When the difference of colour was first discovered it was supposed to 
be due to a difference in molecular weight of the dissolved iodine. This, 
however, has been definitely disproved, mainly through the work of 
Beckmann. He showed®^^ ^h^t the results which appeared to support the 
difference in molecular weight were usually vitiated in the boiling-point 
experiments by the volatility of the iodine, and in the cryoscopic work by 
the formation of solid solutions. When allow ance was made for these 
complications, the molecular weight of the solute was always found to be 
that of I 2 . 

O. K. Rice, ib. 258. 

For the earlier work, especially on the molecular weight of the dissolved 
iodine, see Abegg, lod (1913), pp. 378-91. The whole literature of the subject up to 
1931 is discussed in Gmelin, lod, pp. 111-29. 

S40 Pop fyl] of solvents of these three kinds see Gmelin, pp. 111-14. A. 
Lachman (J,A,C,S. 1903, 25 , 50) after trying 60 solvents could only distinguish two 
colours, violet in saturated solvents. The work of Getman®^^ favours this view to some 
extent, but indicates that the aromatic hydrocarbons have an intermediate colour. 

F. H. Getnian, ib, 1928, 50, 2883. 

E. Beckmann, Z. physikal. Chem. 1890, 5 , 76; E. Beckmann and A. Stock, 
ib. 1895, 17, 107. 
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If the change of colour is not due to a difference in the molecular weight 
it must be caused by solvation. This conclusion is supported by the whole 
behaviour of these solutions. The vapour shows that the colour of the 
pure I 2 molecule is violet. This colour persists in those solvents which are 
of a saturated character, and so are least likely to combine with the iodine. 
The resemblance in colour between the vapour and the violet solutions 
does not depend merely on visual observation. The extinction of coeffi¬ 
cients have been measured for the vapour and for the solution in CCI4 by 
E. Rabinovitsch and W. C. Wood,^^® who find that the wave-length for 
maximum extinction is the same for both (5,200 A) and that even the 
absolute magnitudes of the coefficient are nearly the same. This violet 
colour is also favoured by a rise of temperature, which would tend to break 
up a solvate. The brown colour is found with solvents of a more unsaturated 
or associated kind, and is favoured by low temperatures, which might be 
expected to promote solvation. This view, that the violet solutions con¬ 
tain unsolvated, and the brown solvated I 2 molecules, is supported by a 
variety of other considerations. The violet solutions have the same 
extinction coefficients whatever the solvent, and obey Beer’s law; this is 
because the coloured substance is the I 2 molecule, which is not affected 
either by the solvent or by concentration. On the other hand, the brown 
solutions have different extinction coefficients, and also do not obey Beer’s 
law; this again is to be expected since the brown molecules contain solvent, 
and as the solvents are usually associated, the colour may well not obey 
Beer’s law. Again it was found by Lachman^^® that the colour of a violet 
solution is changed by the addition of even a small amount of a solvent 
of the unsaturated or associated type; the violet solution in chloroform 
is turned red by 0*4 per cent, of alcohol; while a brown solution must be 
largely diluted with a non-associated solvent before a violet colour appears. 

With the red solution in benzene we have definite evidence of solvation. 
For this Williams^^^ found an iodine moment of 1-2 D. This was confirmed 
by Muller and Sack,^^® who further showed that in hexane and in cyclo¬ 
hexane the moment of iodine is zero. Hence the iodine molecule itself is 
non-polar, and the moment in benzene is due to some kind of combination 
with the solvent. This shows not only that in the red solution in benzene 
the iodine is solvated, but also, as we should expect, that the solvation is 
very imperfect. The moment of a co-ordination compound, such as those 
of the aluminium hahdes investigated by Ulich and NespitaP^® (see under 
Al, III. 433) is somewhere about 4 D, so that we should conclude from 
the moments that in benzene about 25 per cent, of the Ig is solvated. 
(See also ref. 

Trans. Far. Soc. 1936, 32, 545. 

J. W. Williams, Phys. Z. 1928, 29, 174. 

«« H. Muller and H. Sack, ib. 1930, 31, 815. 

H. Ulich and W. Nespital, Z. angew. Chem. 1931, 44 , 750; W. Nespital, Z. 
physikal. Chem. 1932, B 16 , 221. 

847 Fairbrother, Nature, 1947, 160 , 87. 
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Iodine has a small solubility in water, rising rapidly with the tempera¬ 
ture. In g. per litre this amounts to 0*16 at 0 °, 0*34 at 25°, and 3*3 at 100 °. 
It reacts with water in a rather complicated way, giving iodide and hypo- 
iodite, of which the former takes up more iodine to form polyiodide ions 
such as I 3 , while the latter, in presence of alkahes, is converted into 
iodide and iodate. These reactions, and the general question of the hydro¬ 
lysis of the halogens, are discussed below under the oxyacids of the halo¬ 
gens. The well-known deep blue colour which free iodine gives with starch 
paste must be due to the formation of some addition compound. See 
references 3 ^ 8-9 

INTER-HALOGEN COMPOUNDS 
The halogens form a surprisingly large number of compounds with one 
another, all of which are well defined, covalent, and practically non- 
associated substances; they are usually formed slowly from their elements. 
This pecuharity of the halogens is obviously due to their being the only 
series of electronegative elements which can form acyclic molecules without 
double links, and hence such combination is not restricted to the lightest 
members of the group. There are no less than 11 inter-halogen compounds 
known, in addition to the 4 halogens themselves, so that we can draw some 
general conclusions as to the conditions of their existence. 

These compounds are all of the type AB^, where n — 1 , 3 , 5, or 7. None 
of them contains more than two different halogens, or more than one 
atom of the heavier of these. When n is greater than 1 , B is always either 
fluorine or chlorine: when it is greater than 3, B is always fluorine. It is 
evident that all the B atoms are directly joined to the single A. It is also 
clear that the heavier A is, the more B^s it can carry, and the lighter B, the 
more B’s can combine with a single A. These obvious steric effects are, 
however, not the only factors of stability in these compounds. For 
example, among the AB compounds it would seem that they are less stable, 
the greater the difference in atomic number (or size) between A and B; 
thus BrF is ^^ery much less stable than GIF, and IF has never been 
obtained. 

These relations can only be explained by reference to the heats of 
linkage concerned. These, so far as they are known, are given in the table 
on p. 1147; they are all derived from molecules of the Ag or AB tj^pe; how 
the values differ in the compounds of higher valency, such as AB 3 , in most 
cases we do not know, but we have evidence that as the covalency increases 
the heats of linkage diminish somewhat, but not much, except when the 
steric relations interfere, and the B atoms are too many or too large for 
the space. 

It will be seen that with the single exception of the high Cl—F link * (the 

♦ This indicates the tendency of all links to F to have large heats except that of 
F to F, which alone is purely covalent. 

R. S. Stein and R. E. Rundlo, J. Chem. Phya. 1948, 16, 196. 

G. A. Gilbert and J. V. R. Marriott, Trana, Far. Soc. 1948, 44, 84. 
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only known value for a link of jSiuorine to another halogen), they are all 
of the same order of magnitude, as is shown by the heats of formation 
from the diatomic gaseous elements, which are: ClF+25-7; BrCl+0*7; 
ICl+3-5; IBr f 1*2 k.cals. 



F 

Cl 

Br 

I 

F 

33-3 

71*3 


,, 

Cl 

71-3 

67-8 

52-7 

510 

Br 


52*7 

53*8 

42-9 

I 


510 

42-9 

51-2 


But when in the formation of one of these compounds an atom assumes 
a higher valency, the total number of links is increased, so that heat is 
evolved. Thus in the reaction Ag+S Bg ~ 2 AB 3 the number increases 
from 4 to 6 , involving, if we take the value of these links to be on the 
average about 50 k.cals., the production of 100 k.cals. of heat. So generally, 
in the reaction ^ number of links increases from 

, 71+1 to 271. Hence there will always be a tendency to form the compounds 
with the highest valency, unless for some other reason (such as the con¬ 
siderations of space) these are unstable. This is what actually happens. 
For example, the instability of BrF is not due to the weakness of the 
Br—F link; if it were, the molecule would break down into Br 2 +F 2 . It 
does not do this, but goes over into Brg together with BrFg and BrFg, 
thus increasing the number of links present: 

3 BrF = Br 2 + BrFj 
3 1 3 = 4 

5 BrF = 2 Br. + BrFg 
5 2+5 = 7 

It is therefore evident that there will be a tendency for the heavier atom 
to accumulate as many B atoms on itself as it has room for; the com¬ 
pound of higher valency will be unstable if the B atoms are getting too 
crowded, and those of lower valency if there is room for more. 

This perhaps explains why it is that though we get inter-halogen com¬ 
pounds with 4, 6 , and even 8 halogen atoms in the molecule, we never 
find a pure halogen molecule with more than 2 , such as Br • — Br 4 or 

CI.CI 5 = Cle; presumably the central atom is not large enough to carry 
three or more atoms of its own size. 

The valency groups of the central atom in these types of molecule are: 

Type . . . . AB AB 3 ABg AB^ 

Val. gp. of A . . 6 , 2 ( 2 ) 2 , 6 ( 2 ) 10 U 

It follows that ABg and ABg molecules can only be formed when A can 
have an inert pair of electrons, so that the formation of such compounds 
is evidence of the inertness: and that AB 7 is only possible when A is iodine, 
since chlorine and bromine are limited to a covalency of 6 . 
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COMPOUNDS OF THE TYPE AB 
These compounds are obviously of the same type as the halogens them¬ 
selves. Of the six possible compounds all are known except IF. The 
following table gives the values of the boiling-i^oints, [m. pts.] and 
(Trouton constants) for these substances, the pure halogens being added 
for completeness. 

AB Com'pomids 

Boiling-points, [M. pts.^ and {Trouton const^ints) 



F 

Cl 

Br 

I 

" { 

— 188° 
[-219°] 
(18-8) 




Cl 

- 100*8° 
[-156°] 
(13-2; 

- 33*7° 
[-102*3°] 
(18*4) 



Br 

+ 20° 

[- 33°] 
(20*5) 

+ 5° 

[- 66°] 

4- 58*8° 

[- 7*2°] 

(23*1) 


' 1 


4- 97-4° 

[a: 27*2°] 

[b: 13*9°] 
(27*5) 

116° 

[36°] 

185° 

[114°] 

(32*6) 


Chlorine Fluoride, GIF 

B. pt. —m. pt. critical temperature 

density of the hquid at its boiling-point 1*62°.^^ Heat of evaporation 
2-27 k.cals.; Trouton constant 13*2 [ 

This substance is formed^^^ by the action of slightly moist chlorine on 
fluorine at the ordinary temperature; if the gases are dry they do not 
react below 250°. The reaction is exothermic (like practically all the reac¬ 
tions of elementary fluorine), evolving 25*7 k.cals.per CIF. Freden- 
hagen^^® found that if a mixture of fluorine and chlorine is sparked, a 
yellow flame goes through the tube, followed by an explosion. This is no 
doubt due to the formation of chlorine fluoride. If the gases are dried, 
nothing happens on sparking. It will be noticed that the energy produced 
by the combination of chlorine with fluorine is more than 16 per cent. 

O. Ruff, J. Fischer, F. Luft, E. Asohor, F. Laass, and H. Volkmer, Z. anqew, 
Chem. 1928, 41, 1289. 

O. Ruff and E. Ascher, Z, anorg, Chem. 1928, 176, 258. 

O. Ruff and F. Laass, ib, 1929, 183, 214. 

o. Ruff and W. Menzel, ib. 1931, 198, 375. 

O. Ruff, F. Ebert, and W. Menzel, ib. 1932, 207, 46. 

O. Ruff and A. Braida, ib. 1933, 214, 82. 

K. Fredonhagen and O. T. Krefft, Z.physikal. Chem* 1929, 141, 221. 
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greater than that produced by the same volume of chlorine on combina¬ 
tion with hydrogen (25*7 in place of 22*1 k.cals.). 

Chlorine fluoride is an almost colourless gas, forming a yellow liquid 
and a colourless solid. It has a characteristic odour; it reacts just like 
fluorine, but even more readily. 

Bromine Fluoride, BrF 

Gaseous bromine and fluorine react^®^ very slowly at 0 °; at +50"" the 
reaction is quicker, but the BrF which is presumably the primary product 
reacts further, forming the trifluoride and the pentafluoride, together with 
free bromine. This goes on so readily that the monofluoride has never 
been got pure, and so its physical properties are only approximately known. 

By allowing the components to react at about + 10 "^, and fractionating 
the product at 150 mm. a yield of nearly 50 per cent, can be obtained. 

Bromine monofluoride is a pale-brown gas, condensing to a dark-red 
liquid, which freezes to crystalline leaflets of the shape of boric acid and 
the colour of potassium dichromate. By extrapolation the boiling-point is 
found to be + 20 °, and the melting-point —33°. The Trouton constant is 
20*5. It is remarkable that while the three bromine fluorides BrF, BrFg, 
and BrFs are all miscible with one another, none of them has more than a 
very slight natural solubility with bromine. 

Chemically bromine monofluoride behaves like the* other fluorides of 
bromine, but it is more reactive. It is continuously changing into a 
mixture of Brg, BrFg, and BrFg, and if it is warmed to 50° this conversion 
is complete. 

[Iodine monofluoride IF is unknown, presumably going at once to IF 5 
and IF 7 : IF 3 is also unknown.] 

Bromine Chloride 

Bromine monochloride has a curious history. Balard, who discovered 
bromine in 1826, noticed in that year that when bromine is mixed with 
chlorine the colour diminishes,but this observation, though it was also 
made by C. Lowig in 1829 (Diss., Heidelberg) and by Schonbein in 1863^®® 
was disregarded for a century. Then in 1928 G. M. B. Dobson noticed 
the same thing when he was using the mixture as a light Alter for observ¬ 
ing the ozone bands in the atmosphere, and he further noticed that this 
loss of colour takes time (of the order of a minute); this was confirmed by 
Barratt and Stein^®® with the spectrophotometer. Meanwhile in 1906 

O. Ruff and A. Braida, Z, anorg. Chem. 1933, 214, 81. 

A. J. Balard, Ann. Chim. Phys. 1826, 32, 371. 

3*^® C. F. Schonbein, J. pr. Chem, 1863, 88, 483. 

P. Lebeau, C.R. 1906, 143, 589. 

B. J. Karsten, Z. anorg. Chem. 1907, 53, 365. 

K. H. Butler and D. McIntosh, Proc. Nova Scot. Inst. Sci. 1927, 17, 23. 

G. S. Forbes and R. M. Fuoss, J,A.C.S. 1927, 49, 142. 

N. W. Hanson and T. C. James, J.C.S. 1928, 1955. Id., ib. 2979. 

S. Barratt and C. P. Stein, Proc. Roy. Soc. 1929, 122, 582. 
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Lebeau^®® had measured the freezing-point curves for the system Cla—Brg, 
and Karsten in 1907^®^ had worked out the complete phase-rule diagrams 
both for the boiling-points and for the melting-points of this system; they 
agreed on the facts, and both concluded from the results that no compound 
was formed. Butler and Mclntosh^®^ confirmed these measurements for 
the freezing-points, and drew the same conclusion. These facts, which are 
not in dispute, show what care must be exercised in interpreting this kind 
of phase-rule diagram. All the 4 curves obtained (vapour and hquid for 
the boiling-points and liquid and solid for the melting-points) are con¬ 
tinuous, and without break, or maximum, or minimum. These are cer¬ 
tainly the general forms which would occur if the two elements formed no 
compound, but were completely miscible in the solid and liquid states. 
They are, however, equally compatible with the existence of a compound, 
if this is partly dissociated, and also forms in the solid state a continuoi:s 
series of solid solutions with both of its components, which in view of the 
identity of molecular type of the three substances Brg, BrCl, and CI 2 is not 
improbable. The melting-points and boiling-points of the system Ig—Brg 
(described below) are very similar, though they do give indications of the 
presence of the compound TBr. 

The existence of the compound ClBr has been estabhshed in several 
ways, of which the most important quantitatively is by spectrophoto- 
metric measurements. Earlier results,^®^®'^^^ based on the assumption 
that at the wave-length of 5,690 A (maximum of the bromine band) BrCl 
has no absorption, did not give very concordant values. It was pointed 
out by Vesper and Rollefson^"^ that this assumption is quite unsupported, 
and greatly affects the calculations. For example, on this assumption 
Gray and Styles’s results^®® give values of the constant 

_ [Br2].[Cy 

[BrCl]2 “ 

at different pressures of 0-162 and 0-125: but if the absorption of BrCl is 
1-24 per cent, of that of Brg, the K values from both experiments are 
0-111. Using the light of the green lines of the helium discharge (round 
5,020 A), and assuming here the ratio of the absorption of BrCl to that of 
Brg to be 0-11, they get concordant values of 0-107±0-002. 

This agrees with the value of 0-12^0-14 got by Yost^’^ in CCI 4 solution 
from the partial pressures of the halogens in this solvent, and the calcula¬ 
tion of the thermodynamical constants. Vesper and Rollefson further find 
that in the dark the reaction between the elements takes from 16 to 60 

A. E. Gillam and R. A. Morton, Proc. Roy. Soc, 1929, 124, 604. 

368 L. T. M. Gray and D. W. G. Style, ib. 1930, 126, 603. 

H. Lux, Ber. 1930, 63, 1156. 

87® T. W. J. Taylor and L. A. Forscey, J.C.S. 1930, 2272. 

8 ^^ W. Jost, Z. phyaihal. Chem, 1931, 153, 143. 

872 Id., ib. 1931, B 14, 413. 873 g, Anwar Ullah, J.C.S. 1932, 1176. 

374 c. M. Blair and D. M. Yost, J.A.C.S. 1933, 55, 4489. 
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minutes to reach equilibrium; in the light they used this is reached in 
2 minutes. 

In water a very different value of 0*00032 was obtained by Forbes and 
Fuoss,^®^ by the determination of the E.M.F. of solutions of chlorine in 
HCl solutions containing a bromide. 

The existence of BrCl is also supported by the behaviour of a mixture 
of bromine and chlorine with unsaturated organic compounds. Hanson 
and James®®^® found that such a mixture adds on to unsaturated acids and 
esters much more rapidly than either element separately, and gives a 
mixture of the a-chloro-^-bromo- and a-bromo-^-chloro-compounds. 
Taylor and Forscey®^® found the same for the reaction with diazo-acetic 
ester in carbon tetrachloride, which gave mainly the chloro-bromo-acetate; 
this reaction has the advantage that it is practically instantaneous, and 
may be supposed to give a true measure of the proportion of BrCl present; 
on this h 3 rpothesis they find it to be (by molecules) 80 per cent., giving in 
this solvent K — 0*015. 

As a result of measurements of the equilibrium between mixtures of 
Clg and Br 2 and their solid salts (KCl and KBr) Schutza®"^’ calculates the 
constant K = 0*140/800° C. See also reference ®^®. From spectroscopic 
measurements of the rate of change, which is of the order of 15" for half 
change at the ordinary temperature, and of the equilibrium, at different 
temperatures, W. Jost®’^"^ finds the heat of reaction in the gaseous state 
to be 0*95 k.cals., and the heat of activation 14*0 k.cals. 

The physical properties of BrCl are little known, since at the ordinary 
temperature the pure substance is changing into its components (the tri¬ 
chloride BrGlg has not been found to exist, so there is no question of its 
undergoing disproportionation like BrF); but Lux®®® claims to have 
obtained BrCl by the slow distillation of a mixture of bromine and 
chlorine, as a yellow solid melting at —54°. 

According to Anwar UUah®^® if chlorine is passed into bromine under 
water at temperatures below 18° the solid hydrate BrCl, 4 HjjO separates, 
which is more stable than the hydrate of chlorine or bromine. 

Iodine Chloride 

Iodine monochloride was discovered by Davy and by Gay-Lussac in 
1814. It is formed by the direct combination of the elements, or by the 
oxidation of an iodide in hydrochloric acid. It is best made in quantity 
by adding a weighed amount of solid iodine to excess of liquid chlorine; 
the excess is then driven off by warming, and the residue weighed. It 
alwaj'S contains more chlorine than corresponds to ICl, and enough iodine 
is added to bring the proportions back to that point; the product is then 
kept above its melting-point—say at 35°—for 24 hours to ensure complete 
combination.®®® 

376 H. G. Vesper and G. K. Rollefson, ib. 1934, 56, 620. 

376 G. Braueir and E. Victor, Z. Elektrochem. 1935, 41, 508. 

377 H. Schiitza, Z. anorg. Chem, 1938, 239, 245. 
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Iodine monochloride is a remarkable example of dimorphism; the stable 
form a melts at 27*2°,and the unstable jS at 13*9°; there is no reason to 
think that the dilference is anything more than in the arrangement of 
identical molecules. The phase-rule diagram for the system I 2 —Clg* was 
worked out in detail by Stortenbeker in The boiling-point of 

ICl is 100:^3°, with slight dissociation into iodine and ICI3. This dis¬ 
sociation begins at low temperatures; it is 0*42 per cent, at 25° and 1*58 
per cent, at 100°.®^^ The Trouton constant is 27*5,^®^ and cannot be seri¬ 
ously affected by the slight dissociation. The cause of this high value is 
not explained; it is very nearly the mean for those of iodine (32*6) and 
chlorine (18*4): (18*44-32*6)/2 — 25*5: obs. 27*5. The dipole moment of 
ICl is 0*5 D.393 

The specific conductivity of ICl has been found to be 4*6 x 10"^ mhos at 
35°, but further purification would no doubt lower it still further. The 
liquid is an ionizing solvent in which KCl has a molecular conductivity of 
28*8 at V = 2, 30*4 at F = 16, and apparently about 31*3 at infinity.®®^ 

The absorption spectrum of ICl has a series of bands^®^"^’®®®"^*^^®*^®^ 
in which the effect of the two chlorine isotopes can be detected. 

The heat of formation of the ICl molecule has been determined in a 
variety of ways. Thomsen’s thermochemical results give 
k^ 2 ga 8 "1“ iC] 2 gas IClga^ -|- 3*53 k.cals. 

McMorris and Yost®^^ have determined the equilibrium 

1, + CI 2 - 2 ICl 

at various temperatures, (1) by adding to the system solid barium 
chloroplatinate which gives at every temperature a known vapour 
pressure of chlorine, and (2) from the reaction 

2 NOCl + I 2 - 2 NO + 2 ICl. 

In this way they find Hj to be 3*46 k.cals , in close agreement with Thom¬ 
sen. The corresponding value of the heat of formation from the atoms, 
is 49*6 k.cals. From the spectrum Wilson^®^ found to be 49*65, and 
Cordes^®^ 47*13. Darbyshire’s value of 65*68 k.cals.^®^ presumably refers 
to excited atoms. 

Seo Findlay, Phase Rrilc, ed. 7, p. 194 (1931). 

W. Stortenbeker, Eec. Trav. 1888, 7, 152. 

Id., Z. physikal. Chem. 1889, 3, 11. ^so q Qddo, Gaz. 1901, 31, 146. 

G. E. Gibson and H. Ramsperger, Phys. Rev. 1927, ii. 30, 598. 

3*2 E. D. AMlson, ib. 1928, ii. 32, 611. 

283 A. E Gillam and R. A. Morton, Proc. Roy. Soc. 1929, 124, 604. 

28* F. A. Philbrick, J.C.S. 1930, 2254. 

286 A. E. Gillam and R. A. Morton, Proc. Roy. Soc. 1931, 132, 162. 

388 ^ E. Curtis and O. Darbyshire, Trans. Far. Soc. 1931, 27, 77. 

28’ W. E. Curtis and J. Patnowski, Nature, 1931, 127, 707. 

288 J. H. Faull and S. Baeckstrom, J.A.C.S. 1932, 54, 620. 

2*8 J. Comog and R. A. Karges, ib. 1882. 

280 H. Cordes, Z. Phys. 1932, 74, 34. 

28^ J. McMorris and D. M. Yost, J.A.C.S. 1932, 54, 2247. 

282 Oi Darbyshire, Phys. Rev. 1932, 39, 162; revised ib. 40, 366. 
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Iodine monochloride when once melted can remain liquid below its 
melting-point for weeks. At ordinary temperatures it is the stable a-form 
which crystallizes out; the jS-form slowly separates if the liquid is suddenly 
chilled to —5°. This metastable ^-form can be kept below 0° for days, but 
on addition of a crystal of the a-form it at once goes over. 

The oL- (stable) form of ICl consists of red transparent crystals: the 
crystals of the /3 are brown. The liquid is brownish-red; the vapour has 
the colour of bromine, and a very similar absorption spectrum. Iodine 
monochloride is a very active substance. It has a choking smell like a 
mixture of Ig and CI 2 ; it strongly attacks the nose and eyes, and causes 
bad burns on the skin. It also attacks cork and rubber violently. It is 
used commercially as an iodinating agent, usually in solution either in 
concentrated aqueous hydrochloric acid, or in some organic solvent with 
which it does not react, such as ether or CCl 4 .^^^ 

The colour of iodine chloride in solution shows differences exactly like 
those of iodine.^®® In all solvents in which iodine is violet (such as CCI4) 
ICl is brown, the absorption spectruni having in the visible one band with 
a maximum at 4,600 A or close to it. In all solvents in which iodine is 
brown (e.g. in chloroform containing a trace of alcohol, in acetic acid, in 
ethyl acetate, in ether, and in water) ICl is yellow. In these last solvents 
the absorption in the visible is again a single band, but the maximum is 
shifted to 3,600—3,500 A (in aqueous HCl rather further, to 3,430 A). The 
colour of the vapour exactly corresponds: just as Ig vapour is violet, hke 
its solution in CCI4, so ICl vapour is brown, like its solution in the same 
solvent. It is obvious that with both substances the change of colour is 
due to solvation. 

In pure water ICl is hydrolysed to HCl-f HOI, and the latter then 
changes to iodic acid with separation of iodine. If the water contains not 
less than fifth normal HCl the hydrolysis is completely stopped. The ICl 
then forms a stable yellow solution, with the absorption band in nearly 
the same position as in ethyl acetate and other solvents of the second kind 
(maximum 3,430 A), but with an extinction coefficient about twice as 
great; an increase of the HCl concentration from this 0*2 normal up to 
10 times normal does not change the position or the intensity of the 
absorption.^®^ Further, an alkaline chloride such as NaCl has the same 
power of preventing hydrolysis as HCl, and the same effect on the colour, 
the absorption maximum being at 3,420 A.^®^ The two most important 
facts about these solutions are: 

1 . That NaCl can replace HCl, and 

2 . That it is impossible to extract the ICl from its solution in aqueous 
HCl with solvents like CCI4, benzene, or nitrobenzene.^®^»^®* The sugges¬ 
tion that the ICl is dissociated into I'^ and CF is sufficiently disproved by 

K. F. Luft, Z, Phys. 1933, 84, 767. 

F. A. Philbrick, J,A,C,S. 1934, 56, 1267. 

For its curious solubility curve in CCI4 sec J. Cornog and L. E. Olson, ib. 1940, 
62, 3328. 
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the fact that the addition of 0*14~normal ICl to n HCl does not increase 
the conductivity, but diminishes it by about 0-7 per cent.; moreover, on 
electrolysis none of the iodine goes to the cathode.®®^ The suggestion 
(Philbrick^®^) that the real reaction in the aqueous HCl is the formation of 
ICI 2 ions seems to fit all the facts. The formation of undissociated HICI 2 
(Gillam and Morton®®^) is improbable because ( 1 ) the addition of ICl to 
HCl should cause a proportional faU in the conductivity instead of a very 
small one; ( 2 ) an undissociated HICI 2 might be able to be extracted by 
benzene or CCI 4 ; (3) if a solution of ICl in CCI 4 is saturated with HCl gas, 
the colour and the position of the absorption band do not change®®^; 
(4) a corresj)onding undissociated sodium compound NalCIg, in the sodium 
chloride solutions is impossible. If we suppose that ICl has a strong 
tendency to attach itself to CF ions, and that [HJIClg is a strong acid, all 
these phenomena can be explained. The absence of reaction between ICl 
and HCl in CCI 4 is due to there being nothing to solvate the hydrogen ions 
(compare HP+SiF 4 ). The equilibrium in the reaction 

ICl f Cr - IC12 

must be very far to the right-hand side, for as we have seen the absorption 
of a solution of ICl in 0 *271 HCl is not changed when the HCl concentration 
is raised to 10 times normal, so that the formation of the complex ion 
must be sensibly complete in fifth normal acid. 

Iodine Monohromide^ IBr 

Iodine monobromide was discovered by Balard, and is formed hke the 
other compounds by the direct combination of the elements. In the 
system I 2 —Brg®^® the S—L curves indicate a continuous series of sohd 
solutions from Ig to Brg, but at 50 molecules per cent, the sohdus and 
liquidus curves touch. The V—L boiling-point curves approach at this 
concentration, but do not actually touch, showing that there is consider¬ 
able dissociation in the vapour at this temperature (116°). These curves, 
especially those for the freezing-points (given in Gmelin, lod, p. 630), 
though they give clear evidence of the existence of the compound, are not 
unlike those for the system Brg—Clg (above, p. 1154). 

Iodine monobromide forms crystals of the colour of iodine, which melt 
at 42°^®® to a nearly black liquid which boils at 116° to give a red, partially 
dissociated, vapour. The degree of dissociation at 25° was found to be 
8 per cent, in the vapour and 9-5 per cent, in CCI 4 solution^®®; at 300° it 

P. C. E. Meerum-Terwogt, Z. anorg, Chem, 1905, 47, 209. 

W. A. Plotnikow and W. Rokotjan, Z. phyaikal. Chew., 1913, 84, 365 (= J. 
Ru 88. Phya. Chem> Gea, 1913, 45, 193; Chem, Centr. 13, i. 1809). 

W. Muller, Z. phyaikal Chem, 1926, 123, 24. 

R. M. Badger and D. M. Yosfc, Phya. Rev. 1931, ii. 37, 1548. 

J. McMorris and D. M. Yost, J,A.C.S. 1931, 53, 2625. 

H. W. Cremer and D. R. Duncan, J,C,S. 1932, 2031. 

D. M. Yost, T. F. Anderson, and F. Skoog, J.A.C.S, 1933, 55, 552. 

A. E. GiUam, Trans. Far. Soc. 1933, 29, 1132. 
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is about 20 per cent.^^® The chemical properties of IBr are intermediate 
between those of its component elements. Tlie heat of dissociation into 
atoms (in the gas) was found from the spectrum by Badger^®® to be 41*5 
k.cals. (confirmed by Cordes^®®), which makes the heat of formation in the 
gaseous state from I 2 +Br 2 2*30 k.cals. McMorris and Yost^®® by thermo¬ 
chemical methods find the latter value at 25° to be 1*27. The value in 
CCI 4 solution is much the same as in the vapour. 

Liquid iodine monobromide appears to bo partly ionized. The measure¬ 
ments by Plotnikow and Rokotjan^®^ of the conductivity of solutions of 
iodine in bromine are very difficult to explain, but they indicate that the 
maximum ionization does not exceed one part in 10 , 000 . 

In its solutions iodine bromide shows the same changes of colour as Ig 
and The relations are precisely similar to those with Ig or ICl. 

We find two classes of solvents, each with its own characteristic colour. 
Thus: 


1 . Ij violet, ICl red-brown, 
IBr red 

Vapour: solutions in CCI4, 
CHCI3, hexane, ben¬ 
zene, toluene, CSg 


2 . I 2 brown, ICl yellow, 

IBr yellow-orange 
Solutions in MeOH, EtOH, 
lower esters, ethers, for¬ 
mic and acetic acids, ace¬ 
tone 


As examples of the wave-lengths, we may take the positions of the bands 
in CCI4 and in alcohol: 


Compound | 


IBr 

ICl 

CCI 4 

5,200 A 

4,940 A 

4,600 A 

Alcohol 

4,470 A 

3,900 A 

3,550 A 

Diff. 

-730 A 

-1,040 A 

-1,050 A 


As with iodine a small amount of a solvent of the second kind has a 
great effect on the colour in one of the first kind; the addition of 1 per cent, 
of ethyl alcohol to a solution of IBr in CCI4 has a visible effect. The effect 
is obviously in all these cases due to solvation. Cyanogen iodide I • 
shows something of the same kind of colour change, but the effect is much 
smaller. 


COMPOUNDS OF THE TYPE AB3 
In these compounds the central atom has the valency group ( 2 ), 2 , 6 , 
and so the central atom must be able to have an inert pair of electrons. 
The known compounds of this type, with their boiling- and melting-points 
are: 



CIF, 

BrF, 

ICl, 

B. pt. . 

+ 12 - 1 ° 

+ 127'’ 

(deep.) 

[M. pt.] 

[-82-6°] 

[+ 8 - 8 °] 

[ 101 ° under pressure] 
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The small number of compounds of this type is evidently due to their 
existence being limited on both sides; the B atoms must not be too large; 
only fluorine can act as B unless A is iodine, when chlorine can also act as 
B; on the other hand, the B atoms must not be too small, or the compounds 
of higher valency will become the more stable, as in IF 5 . 

Chlorine Trifiuoride^ CJF3 

This compound is of special interest since it is almost the only isolable 
compound in which chlorine definitely shows that two of its valency 
electrons can become inert, and chlorine is the only element of the second 
short (subtypical) period which can be shown to have this properly. The 
pair must also be inert in the ion CI3 , but this has not been isolated in the 
form of salts (with one or two exceptions) though there is evidence for its 
existence in solution. 

Chlorine trifluoride was discovered by Ruff and Krug in 
originally as an impurity in the monofiuoride. It is made by passing a 
mixture of chlorine or chlorine monofluoride with excess of fluorine 
through a tube heated to 250®, condensing with liquid air, and purifying 
by distillation. The reaction CIF+F 2 — ^^^3 reversible, and at equi¬ 
librium at 250° the amount of GIF is greater than that of CIF3. 

Chlorine trifluoride^®^ is a colourless gas, which condenses to a pale 
green liquid, and then forms a white solid. It boils at -(-12-1® and melts 
at -82*6®. 

This compound is remarkable for the extraordinary vigour with which 
it reacts, which is even greater ])erhaps than that of fluorine itself. It 
destroys glass and quartz glass except at low temperatures; glass wool 
catches fire in the vapour immediately. Organic substances (including the 
picenes or high vacuum oils) if they can be fluorinated at all, react at once 
with inflammation; one drop of the liquid sets fire to paper, cloth, or wood. 
Most elements are attacked explosively, and if not they can be lighted by 
a fragment of charcoal; many oxides behave in the same way. Liquid 
ClFg reacts with water with a noise like the crack of a whip; if water is 
allowed to enter the flask which contains the gas some of it is thrown out 
by the violence of the reaction. 

Bromine Trifluoride^ BrFg 

Moissan observed that fluorine combines with bromine, but the trifluoride 
was first isolated by Lebeau,^®® and was further examined by Prideaux.*®^ 
A more detailed investigation of it was made by Rufi’ and Braida.-*®^® It 
is made from its elements, and purified by distillation. It is a pale yellow- 

O. Ruff and H. Krug, Z. anorg. Chem. 1930, 190, 270. 

O, Ruff, F. Ebert, and W. Menzel, ib. 1932, 207, 46. 

P. Lebeau, C,B. 1905, 141, 1018; ^nn. Chim. Phys. 1906, [8] 9, 248. 

407 E. B. R. Prideaux, J.G.S. 1906, 89, 316. 

408 O, Ruff and A. Braida, Z. anorg. Chem. 1932, 206, 59. 

408 Id., ib. 1933, 214, 91. 
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green liquid at the ordinary temperature, and solidifies to long prisms. It 
melts at 8 - 8 °, and boils at 127°.^^® Prom the change of vapour pressure 
with temperature the heat of evaporation at the boiling-j 3 oint is 10 k.cals., 
and hence the Trouton constant 25*3.^®^ At the melting-point the density 
of the solid is 3*23, and that of the liquid 2*843.^^® 

Bromine trifluoride is formed, as we have seen, by the decomposition of 
BrP. It fumes strongly in air, and attacks quartz at 30°, giving bromine, 
oxygen, and silicon tetrafluoride. 

[Iodine trifluoride: Ruff and Braida^^® made a special search for a lower 
fluoride of iodine than IF 5 , but in vain.] 

Iodine Trichloride, ICI 3 

This compound, which was discovered by Gay-Lussac in 1814, is formed 
(but slowly) by the direct combination of the elements. It is best prepared 
either^^i by condensing chlorine in excess on iodine at —80°, leaving it 
some hours in the freezing mixture, and evaporating off excess of chlorine, 
or by passing chlorine over iodine until this is converted into ICl, and then 
raising the temperature to 100 ° and increasing the stream of chlorine, when 
the trichloride distils over and can be condensed. 

ICI 3 forms lemon-yellow needles, which melt at 101 ° under their own 
(dissociation) vapour pressure of 16 atm., to a reddish-brown liquid. The 
sohd is very volatile, and loses weight in a stream of dry air even at 
— 12 °.^i® Its vapour pressure reaches 1 atm. at 64°. The vapour density 
shows^^^ that the compound dissociates completely into ICl+Clg at 77°. 
In solution the dissociation seems to be complete even at the ordinary 
temperature. The absorption spectrum of JCI 3 in CCI 4 is identical with the 
sum of those of ICl and Stortenbeker’s L—V curves give no sign 

of the presence of ICI 3 in the liquid (and incidentally no indication of a 
pentachloride at all). 

From the vapour pressures and the equilibria in the reaction 

Id + CI2 ICI3 

Nies and Yost^^® find the heat evolved, with ICl and CI 2 gaseous, but ICI3 
solid, to be 25*3 k.cals. From the heat of formation of ICl it follows that 
the heat of the reaction 

il 2 ga 8 + 3/2Cl2gas = ICI 3 solid 

is 36*9 k.cals. Assuming for ICI3 a heat offusionof 4k.cal8., and of evapora¬ 
tion of 9*5 k.cals. (for a boihng-point of about 380° K. and a Trouton 
constant of 25) we get for the of ICI3 (all gaseous) 23*4 and for its 

410 Id., ib. 1934, 220, 43. 

411 E. Birk, Z. angew, Chem. 1928, 41, 761. 

4i« E. C. Truesdaie and F. C. Beyer, J.A,C.S. 1931, 53, 164. 

410 W. Stortenbeker, Eec. Trav, 1888, 7, 163; Z, physikal. Chem. 1889, 3, 12. 

414 P. Melikoff, Ber. 1876, 8, 490. 

41* A. E. Gillam and R. A. Morton, Proc. Roy. Soc. 1929, 124, 606. 

4i« N. P. Nies and D. M. Yost, J.A.C.S. 1935, 57, 306. 
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(from the atoms) 128*2, with an error of perhaps k.cals. The heat of 
formation of the I—^Cl hnk in IC 13 is one third of this, or 42*7±0‘8, rather 
less than for the link in I—Cl, which is 51*0: this fall in the heat value 
with a rise in covalency is usually found, for example, in the P—Cl link 
in PCI 3 and PCI 5 . But in spite of it the gaseous reaction 

ICl + CI 2 - ICI 3 

(with an increase from two covalencies to three) evolves some 20 k.cals. 

COMPOUNDS OF THE TYPE AB 5 

This type is only possible when the ratio of the radii A/B is large enough, 
and in fact only occurs in the fluorides of bromine and iodine. 

Bromine Pentajiuoride^ 

This was first made by Ruff and Menzel m by passing fluorine 

through bromine trifluoride at 90-100"^, and heating the issuing gas to 200 ^, 
most conveniently in a copper vessel. The reaction 

BrF3 4 BrFs 

appears to go at this temperature to completion. 

BrFs is a colourless liquid, which fumes strongly in air. Its vapour 
density is normal. The melting-point is —61*3°, and the boiling-point 
+ 40*5°; the heat of evaporation from the v.p./T curves is 7*44 k.cals., and 
hence the Trouton constant 23*7. 

It is remarkably stable to heat; if it is passed through a copper tube at 
460° C. no trace of free fluorine can be detected in the issuing gas, even by 
the smell. It reacts readily with metals, sometimes in the cold, and always 
on heating; it reacts in the cold with charcoal, arsenic, sulphur, selenium, 
iodine, and alkahne chlorides, bromides, and iodides, the reaction always 
being violent, and the substance usually catching fire. 

If a few drops of the hquid are allowed to fall into water, Br 2 vapours 
are evolved, and there is an explosion. If moist nitrogen is passed through 
the liquid, all the oxygen of the water is evolved as such, while HF, HBr, 
and probably BrFg are formed. 

Iodine Pentafluoride^ IF5 
This was first obtained by Gore,^^® by the reaction 
5 AgF + 3 I 2 - 5 Agl + IF 5 . 

Later it was got by Moissan^^® by the direct combination of the elements; 
see also Prideaux.^^® It can also be made by the action of fluorine on 

O. Ruff and W. Menzel, Z. anorg. Chem. 1931, 202, 49. 

G. Gore, Phil. Mag. 1871, [4] 41, 309. 

H. Moissan, C.R. 1902, 135, 563. 

«<• E. B. R. Prideaux, J.C.S. 1906, 89, 316. 
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heated 1205 .*^^ A more detailed examination of its properties is due to 
Ruff and his co-workers.*^^"^ They made it by passing fluorine over iodine. 
If the fluorine is kept cool by dilution with 3 times its volume of nitrogen 
a quartz vessel can be used. In presence of oxygen some oxyfluoride lOF^ 
crystallizes out. Any of the more volatile heptafluoride IF, can be removed 
by distillation: this is best done under 10 mm. pressure, when it comes over 
at about ™ 10 °. 

Iodine pentafluoride is*^^ a colourless hquid melting at +9*6°. Boiling- 
point extrapolated 98 1-5°. It dissolves iodine (giving a brown solution) 

and bromine. It is stable to heat up to over 400° C. It fumes strongly in the 
air, and reacts at once with water to form HF and iodine pentoxide; with 
glass it reacts slowly in the cold, and quickly at 100 °, to give SiF 4 -f I 2 O 5 . 
Most metals (e.g. silver, copper, mercury, iron) react with it only 
slowly, but sulphur, red phosphorus, silicon, bismuth, tungsten, and 
arsenic react at once, usually with incandescence. Organic compounds 
react violently^^’^ usually carbonizing, and often catching fire. 

With carbon tetrachloride iodine pentafluoride reacts slowly, to give 
mainly CCI 3 F, with a residue of ICl and ICI 3 . 


COMPOUNDS OF THE TYPE AB 7 

Of this type the molecule IF, is the only representative, not only among 
the inter-halogen compounds, but in chemistry generally. 

Iodine Heptafluoride^ IF, 

Fluorine has no action on IF 5 in the cold, but on heating the hepta¬ 
fluoride is formed reversibly.^^a Fluorine is passed through liquid IF 5 
at 90°, and the vapours are then led through a platinum tube heated to 
270°; the yield seems to be better the higher the temperature, but at 300° 
the tube is attacked. The issuing gases are condensed, and the IF, purified 
by distillation. A yield of over ^0 per cent, can be obtained. 

Iodine heptafluoride is a colourless gas, which condenses on cooling 
either to a colourless Hquid boihng (slightly supercooled) at -|-4-6° C. 
(boihng-point of IF 5 extrapolated 98°), or to a snow-white soHd, melting 
at The heat of evaporation is 7*33 k.cals., and the Trouton 

constant 26*4. 

IF, behaves in general like CIF3, but is less violent: it usually loses 2 F 
to give the more stable IF5. It seems to be curiously stable to water (it has 
no ‘lone pair’ of electrons): Ruff says ‘water dissolves the gas without 
violence: the gas can even be blown through the Hquid water with the 
formation of clouds, but with only partial decomposition. The solution 
can be shown to contain periodate and fluoride ions.’ 

O. Ruff and R. Keim, Z, anorg. Chem. 1931, 201, 245. 

O. Ruff and A. Braida, ib. 1934, 220, 43. 

«« O. Ruff and R. Keim, ib. 1930, 193, 176. 
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Group VII. Hydrogen Halides 

HYDROGEN HALIDES 

The hydrides of chlorine, bromine, and iodine are very similar to one 
another, and are all sharply distinguished from hydrogen fluoride in being 
non*associated. 

HYDROGEN CHLORIDE, HCl 

Hydrogen and chlorine in the gaseous state combine with the evolution 
of 22*06 k.cals.'^^^ heat (theory 21*9) under the influence of light, or heat, 
or other agents. This change as brought about by light is the classical 
example of a photochemical reaction, and has been more thoroughly 
examined than any other, ever since the days of Bunsen. The kinetics of 
the reaction are too comphcated to allow of any full discussion here, but 
some of the main points may be mentioned. 

The reaction is brought about by hght which is absorbed by the chlorine. 
The quantum yield is enormous; in complete absence of oxygen one quan¬ 
tum of light will cause the formation of 7*6 million molecules of HCl.^^® To 
account for these facts Nernst^^^ proposed a mechanism which, though 
not complete, may probably be taken to represent the main lines of the 
reaction. He assumes the following series of reactions: 

1 . CI 2 + /ir =2 Cl 

2. Cl + H 2 - HCl + H 

3. H -f CI 2 - HCl 4- Cl. 

We thus have a chain reaction, which can proceed indefinitely far through 
(2) and (3) without any fresh absorption of hght. The chain can be 
broken by any of the reactions 

2 Cl = CI 2 
2H = H 2 
H + Cl = HCl. 

It has been found that the presence of small quantities of various sub¬ 
stances interferes with the reaction, no doubt by breaking the chains. 
These substances are of two kinds, (a) those that permanently slow down 
the reaction, and (6) those that merely cause a delay (‘induction period’) 
before the reaction begins.'*^® This difference is clearly due to the fact that 
substances of the second kind, such as ammonia, are destroyed by the 
chlorine in the presence of light, so that they disappear in time from the 

424 Giauque and R. Overstreet, J.A.C.S. 1932, 54, 1731. (From spectro¬ 
scopic data.) 

425 pQj. discussion see Hinshelwood, Chem. Rea^ctions in Gaseous Systems^ 

ed, 3, 1933, pp. 100-6; Kinetics of Chemical Change (1940), pp. 100-13. See also 
N. Semenoff, Chemical Kinetics and Chain Reactions^ 1933, pp. 89-122. Also N. S. 
Bayliss, Trans. Far. Soc. 1937, 33, 1339. 

*** J. E. Cremer, Z. physikal. Chem. 1927, 128, 285. 

W. Nemst, Z. Elektrochem. 1918, 24, 335. 

See for example C. H. Burgess and D. L. Chapman, J.C.S. 1906, 89, 1399; 
D. L. Chapman and L. K. Underhill, ib. 1913, 103, 496; D. L. Chapman and J. R. H. 
Whiston, 1919, 115, 1264. 
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system, while the others such as oxygen^^®"®® are not removed, and their 
influence therefore persists. 

The thermal synthesis is a chain reaction depending on the walls. At 
200 ° the chain length is about 10 ^, as compared with 10 ® for the photo¬ 
reaction: hence it is less inhibited by oxygen. 

Hydrochloric acid was formerly made by the action of sulphuric acid 
on sodium chloride; this reaction, like that in which nitric acid is made, 
goes in two stages, the second of which, the action of sodium hydrogen 
sulphate on sodium chloride, occurs only at a red heat. It is now made on 
the large scale almost entirely from the combination of the hydrogen and 
the chlorine liberated when sodium chloride solution is electrolysed for the 
manufacture of caustic soda. 

Properties of Hydrogen Chloride 

Hydrogen chloride is a colourless gas, melting at —114*2° C., and 
boiling at —85*0°; the heat of evaporation is 3*86 k.cals., and, accordingly, 
the Trouton constant 20*5. 

The solid has a molecular lattice. As happens with many molecular 
crystals there is a temperature above which the molecules rotate, while 
below it they only oscillate. The change from one state to the other may 
or may not be accompanied by a change of phase (true dimorphism), but 
it can in any case be detected by the measurement of the specific heats. 
In hydrogen chloride this change leads to a definite dimorphism, with a 
transition temperature of 98° K. (—175° C.); hydrogen bromide is similarly 
dimorphic; in hydrogen iodide there is a transition point marked by the 
specific heats, but no true dimorphism.^^^ In hydrogen fluoride, owing to 
the association, the molecules never rotate.^^^ 

As would be expected from the large heat of formation, hydrogen 
chloride is very stable to heat. Nemst^^ has calculated the percentage 
dissociation into H 2 +CI 2 as follows: 

Temp. abs. . . 600° K. 1,000° K. 2,000° K. 3,000° K. 

Per cent. diss. . l*9210-s 0*00134 0-41 1*30 

It can also be dissociated by ultraviolet light; the light of a quartz lamp 
that would cause a 35 per cent, dissociation of SO 3 into SO 2 and oxygen 
only causes 0*25 per cent, dissociation of HCl.^®® 

The dielectric constant of hydrogen chloride at the critical point 
(+51°) is 2*83.^®® The specific conductivity of the liquid near its boiling- 

M. Bodenstein, Z. phyaikcd. Chem, 1941, B 48, 239. 

M. Bodenstein and H. F. Laimer, ib. 268. 

J. a Morris and R. N. Pease, J.A.CJS, 1939, 61, 391, 396. 

Th. Neugebauer, Z. phyaikaL Chem, 1937, B 35, 136. 

K. Clusius, K. HiUer, and J. V. Vaughen, ib. 1930, B 8, 427. 

434 '^ 7 '^ Nemst, Z. Elektrockem, 1909, 15, 691. 

A. Coehn and A. Wassiljeva, Ber. 1909, 42, 3183; cf. A. Coehn and K. Stuc- 
kardt, Z. phyaikcd. Chem. 1916, 91, 733. 

W. Herz, ib. 1922, 103, 269. 
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point is 0 * 1 x 10 ”® mhos.^®^ Most chlorides (K, Li, NH 4 , Cu', Cu", Au, 
Pb, etc.) are insoluble in it; stannic chloride dissolves, giving anon- 
conducting solution. 

The dipole moment of hydrogen chloride is definitely lower in the gas 
than in non-polar solvents. In the gas it is 1*03^®® or 1*06^®®; by the beam 
method it was found^^® to be 0*91 D. In solution the moment is about 
1*3, being according to Fairbrother^^^"^ 1*26 in cyclohexane (dielectric 
constant at 25° 2*01) and 1*32 in benzene (2*27) and in carbon tetrachloride 
(2*23). 

Chemical Properties 

Hydrogen chloride gas, like the bromide and iodide, has a curious power 
of forming solid compounds of definite composition with certain anhydrous 
salts of oxy-acids, especially the sulphates, phosphates, and phosphites of 
di- and trivalent (mainly transitional and B) metals.**^® Many of these are 
formed at the ordinary temperature, and do not decompose below 200 °, 
where the HCl compounds lose their HCl, but those of HBr and HI usually 
have the anion of the oxy-acid reduced, with liberation of the halogen. 
These compounds have as many molecules of halogen hydride to one 
metal atom as the latter has valencies: thus salts M'"P 04 have 3 mole¬ 
cules, but M"S 04 , M"HP 04 , and M"(HP 02)2 only 2 molecules of the 
halide to 1 M. 

Hydrogen chloride, which, like the bromide and iodide, is covalent in 
the pure state, remains covalent and unsolvated in non-ionizing solvents 
such as the hydrocarbons and, accordingly, has the minute solubility to be 
expected of a gas of so low a boiling-point. For example, the solubilities 
in g. per litre at 25° are hexane 6*20, benzene 13*7, o-nitro-toluene 
18.0,444-6,447 chloroform at 0 ° 10 . In such solutions Henry’s law is obeyed.44® 
From the vapour pressures the heat of solution of the acid can be calcu- 
lated447-^^; it is in benzene 4*3, in chloroform 3*0, in ethylene dibromide 
3*2 k.cals./mole. 

On the other hand, the solubility in water is enormously greater (770 g. 
per Utre of solution at 20 ° and 1 atm.), while the vapour pressure rises 
much more rapidly than the concentration. Roscoe and Dittmar’s results 
(1859) for water and HCl at 20 ° give these values of p, the pressure of the 

E. H, Archibald, J.A.C.S. 1907, 29, 1418. 

H. Braune and T. Asclier, Z. physikal. Chem. 1931, B 14, 18. 

«» C. T. Zahn, Phys. Rev. 1926. 27, 455. 

“0 H. Scheffers, Phys. Z. 1940, 41, 89. 

F. Fairbrother, J.C.S. 1932, 43. 

«« Id., Trana. Far. Soc. 1934, 30, 862. 

«« F. Ephraim, Ber. 1925, 58, 2262; 1926, 59, 790; F. Ephraim and A. Scharer, 
ib. 1928, 61, 2161. 

*** S. J. O’Brien, C. L. Kenny, and R. A. Zuercher, J.A.C.S. 1939, 61, 2504. 

S. J. O’Brien and C. L. Kenny, ib. 1940, 62, 1189. 

S. J. O’Brien and J. B. Byrne, ib. 2063. 

S. J. O’Brien, ib. 1941, 63, 2709. 

J. J. Howland, D. R. Miller, and J. E. Willard, ib. 2807. 
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gas in mm., and c, the concentration of the liquid in g./litre, with those of 
cjp, which would be constant if Henry’s law held: 

p ... 60 500 1,300 min. Hg 

c ... 613 782 895 g./l. 

cjp . , ^ 10-3 1-56 0-68 

In the same way Wrewsky^^® shows that to raise the solubility from 8 to 
16 mols. per cent, at 25° the pressure must be increased more than 100 
times. See further Wynne-Jones.^^® 

Ether, in which the solubility is 220 g./l. at 20°, is intermediate between 
the other two classes of solvents, owing to the formation of the oxonium 
compound. 

In water at ordinary concentrations the hydrogen chloride is practically 
all present as the hydrated ions. The infra-red absorption bands charac¬ 
teristic of HCl, and shown by the liquid hydride and its solutions in non¬ 
ionizing solvents, do not appear in the aqueous solutions.^^^ In dilute 
solutions the conductivities agree with the Deby e-Hiickel-Onsager formula. 

But the large vapour pressures of the very concentrated solutions show 
that they contain a considerable amount of undissociated hydrogen 
chloride, and that in the general equation for ionization 

M—A M[A] [M]+ -f [A]~ 

(where according to Debye the middle term M[A] represents only a limit¬ 
ing case) with hydrogen chloride the covalent H—Cl though negligible at 
low concentrations becomes quite considerable at high. This behaviour 
mast be contrasted, on the one side, with that of weak acids like acetic, 
where the unionized form always predominates except at extreme dilu¬ 
tions, and, on the other, with salts like the alkaline halides, where this first 
(unionized or covalent) term must be entirely absent, since the salt can 
be shown to be ionized in all states, solid, liquid, and gaseous. 

On the other hand, the halogen acids HCl, HBr, and HI, though they 
appear in dilute aqueous solution to be among the strongest acids, and to 
be as highly dissociated as any, go over into the covalent form more easily 
than such acids as perchloric if the conditions become less favourable to 
ionization, either through the increase of concentration or when the water 
is replaced by a less powerfully ionizing solvent. Of the familiar strong 
acids the first to ‘shut up’ in this way is nitric, the next the halogen 
hydrides (other than HF, which is quite peculiar), and the last perchloric 
acid. These facts were first pointed out by Hantzsch^®^ and have been 
entirely confirmed by later work. Thus Hartley finds^^^ that E.M.F. 
measurements of solutions of HCl even in methyl alcohol show the ioniza¬ 
tion to be less complete than in water. 

M. Wrewsky, Z. physikal, Chem. 1924, 112, 113. 

W. F. K. Wynne-Jones, J.C.S. 1930, 1064. 

461 w. West and R. T. Edwards, J, Chem. Phys. 1937, 5, 14. 

See especially Z. Elektrochem. 1923, 29, pp. 221-46. 

Sir H. Hartley and J. W. Woolcock, PhiL Mag. 1928, vii. 5, 1133. 
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Hydrogen chloride is often used in non-aqueous solvents as a condensing 
agent. It can be used in some reactions in the place of hydrogen fluoride. 
Simons^®^ has carried out a series of alkylations of aromatic hydrocarbons 
using initial pressures of hydrogen chloride of 7-27 atm., and working at 
75-235°. As with hydrogen fluoride the products are always para- 
compounds. Thus tert. butyl chloride reacts with toluene giving with 
either hydrogen chloride or fluoride only the para-di-derivative, whilst 
with aluminium chloride only 30-35 per cent, of para is formed, along 
with 65-70 per cent, of meta. 

HYDROGEN BROMIDE 

The heat of formation of gaseous HBr from H 2 and gaseous Brg is 
4-82 k.cals., so that the compound is exothermic, but only slightly so. 
The dynamics of the formation of hydrogen bromide from its elements has 
been studied by a variety of people.^^^ The reaction is complicated, but 
the main process, as was shown by Christiauvsen,^'*® Polanyi,^^^ and Herz- 
feld,^®® consists essentially of four reactions: 

1 . Br^ 2 Br 

2. Br + H 2 - HBr + H 

3. H -f Brg = HBr -f Br 

4. H + HBr = Ha -f- Br 

The first three exactly correspond to the ‘Nernst chain’ for the formation 
of hydrogen chloride from its elements. The first stage, the dissociation 
of the bromine, can be brought about by tne action of heat or of light. 
With heat we have the thermal reaction of hydrogen and bromine; this is 
much slower than with chlorine, and unless the gases are heated to a rather 
high temperature (about 500° C a reaction initiated at one point in 
the mixture, e.g, by local heating, is not able to spread owing to the 
small evolution of heat. The thermal reaction does not go with a measur¬ 
able velocity below 200° C.; between 200° and 300° it has been examined 
in detail by Bodenstein and Lind.^®® 

The essential difference between the reaction of bromine with hydrogen 
and that of chlorine is that reaction (2) above 

X -f Ho - HX + H 

which with chlorine is exothermic, with bromine absorbs about 16 k.cals. 
Hence the probability that a bromine atom will react with a hydrogen 
molecule on collision is which at 177° C. is 1 •75x10"®, Thus 

«« J. H. Simons and H. Hart, J.A.C.S 1944, 66, 1309. 

For a full aocoimt see Hinshelwood, 1933, p. 107; Somenoff, Chain Reactions^ 
p. 140; Gmelin, Brom, 1931, pp. 168-80. 

J. A. Christiansen, Dansk. Vid. Math, Phys. Medd. 1919, 1, 14. 

M. Polanyi, Z, Elektrochem. 1920, 26, 49. 

K. F. Herzfeld, ib. 1919, 25, 301. 

A. B. Sagulin, Z. physikal. Chem. 1928, B 1, 282. 

M. Bodenstein, ib. 1904, 49, 61; M. Bodenstein and C. S. Lind, ib. 1907, 57. 

168 . 
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on the average such a bromine atom will only react after 10 ® collisions or 
0*01 second after it has been produced. This length of life gives it more 
than one chance of combining with another bromine atom. Hence the 
reaction chains are very short, and many bromine atoms must disappear 
before they have started a chain at all. 

The photochemical reaction diflFers from the thermal only in the way in 
which the bromine atoms are formed; the subsequent changes are the same 
in both. For the reasons given above, the rate of combination is here 
also much slower than with chlorine, and the quantum yield, instead of 
amounting to many thousands or even millions, is often less than unity. 

On heating, hydrogen bromide dissociates to some extent into hydrogen 
and bromine, and does so more readily than hydrogen chloride; the per¬ 
centage dissociation^®^ is 0*5 at 1,024° C., 0*73 at 1,108°, and 1*08 at 1 , 222 °. 

Owing to the small heat of formation of hydrogen bromide it is scarcely 
practical ^®2 produce it by the direct combination of the elements, and 
its formation is therefore usually supported by some other form of 
chemical energy, as by combining the bromine with phosphorus or alu¬ 
minium and treating the product with water: by the action of bromine on 
an organic substance, such as benzene or naphthalene, when, of course, half 
the bromine goes to brominate the hydrocarbon: or by treating a salt of 
HBr with a strong acid (best with phosphoric, as this does not oxidize the 
HBr produced). 

Hydrogen bromide reacts to some extent with P 2 O 5 and with H 2 SO 4 , 
forming free bromine and other volatile products; it can be dried by 
anhydrous CaBrg^®^ or by dried (but not ignited) alumina.^®^ 

Hydrogen bromide boils at —66*7° and melts at — 81*6°; its critical 
temperature is 89*8°. The sohd is trimorphic.^®® The heat of evaporation 
is 4*21 k.cals.,^®® giving a Trouton constant of 20*4. The vapour density is 
normal, and the liquid shows no signs whatever of association.^®’ 

The dipole moment in the gaseous state is 0*78 D^®® ; it is markedly 
larger than this in non-ionizing solvents; thus Fairbrother^®® found (at 
20 °) 0*96 in CCI 4 and 1*01 in benzene. The dielectric constant of the liquid 
is 6*29 at —80°, and 3*82 at +24*7°.^’® The electric conductivity at —80° 
is 0 * 8 x 10 -®.*’! 


K. Vogel V. Falckenstein, ib. 1909, 68, 278; cf. A. Eucken and F. Fried, 
Z. Phys. 1924, 29, 49. 

*** See, however, Inorganic SyntheseSy vol. i, p. 154. 

G. P. Baxter and R. D. Warren, J,A,C,S. 1911, 33, 340. 

«« F. M. G. Jolmson, ib. 1912, 34, 911. 

W. F. Giauque and R. Wiebe, ib. 1928, 50, 2198. 

««« K. Cluflius, Z, Naturf. 1946, 1, 142. 

For an enumeration of all the physical properties which support this conclu¬ 
sion (with references) see Gmelin, Brom, 1931, p. 194. 

C. T. Zahn, Phys, Rev, 1926, 27, 455. 

F. Fairbrother, Trans, Far, Soc, 1934, 30, 862. 

O. C. Schaefer and H. Schlundt, J. Phys, Chem, 1909, 13, 671. 

D. McIntosh, Trans, Amer, Electrochem, Soc, 1912, 21, 121. 
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Bromine vapour undergoes complete radioactive exchange with gaseous 
HBr at room temperature in 2 minutes.^^^ may be due to the forma¬ 
tion of HBrg.^’^ 

Hydrogen bromide resembles the chloride very closely in its general 
behaviour, the only marked difference being the ease with which it is 
oxidized. Like the chloride and the iodide it behaves as a covalent com¬ 
pound when it is by itself or in non-ionizing solvents, and hence, owing to 
its volatility, dissolves in these solvents only to a small extent^’^; in ioniz¬ 
ing solvents, especially water, it dissolves very readily, and mainly— 
almost entirely except at high concentrations—in the ionized form. 

In organic solvents containing oxygen (alcohols, acids, esters, ethers, 
ketones) HBr usually dissolves readily, with a considerable evolution of 
heat; the solution of 1 mole in 24 moles of ethyl alcohol (giving a 6*8 per 
cent, solution) evolves 23*1 k.cals.^^®; this is due to the formation of the 
solvated ions of the oxonium bromide [Et OHg] (Br); very little alkyl 
bromide is formed. 

In solvents free from oxygen the solubility of HBr at the ordinary 
temperature is very small and usually unknown. In benzene^’® it obeys 
Henry’s law, the pressure of HBr in atmospheres divided by the molarity 
of the solution being 16*1/30° and 24*35/50° (extrapolated 14*0/25°). The 
heat of solution in benzene is 4*20 k.cals. per mole. At lower temperatures 
the solubility increases, and benzene at —4° will dissolve 14 per cent.^’^^ 
A saturated solution in CCI 4 at the ordinary temperature contains about 
0*8 g. in 100 c.c. At lower temperatures solid phases are formed which 
have the composition of addition compounds of HBr and the solvent^; 
such are HBr,2 CsK^ • CHg (m. pt. — 86*5°), HBr,C 6 H 5 • CgHg (m. pt. —105*5°) 
and HBr ,2 CgHs 'CaHs (m. pt. “--103*8°); these are presumably merely 
crystal aggregates or van der Waals compounds. 

There can be no doubt that in these solvents HBr is presept essentially 
in the covalent form. But it is remarkable that Topley and Weiss^’* 
showed that if a well-dried solution of hydrogen bromide in carbon tetra¬ 
chloride was treated with radioactive bromine, there was a complete 
exchange of activity in a few minutes at room-temperature. This cannot 
have been due to the dissociation of the bromine into atoms, as this at so 
low a temperature would have been too minute,nor does it seem likely 
that enough water would have been left after 5 days over P 2 O 5 to cause 
ionization. Hence, they suggest that undissociated HBr 3 may be formed 
in sufficient quantities to cause the exchange, although no evidence of its 
formation in the system HBr—Brg, solid, liquid, or gaseous, has been 

L. C. Liberatore and E. O. Wiig, J. Chem. Phys, 1940, 8, 165. 

W. F. Libby, ib. 348. 

S. J. O’Brien and E. G. Bobalek, J.A.C.S, 1940, 62, 3227. 

M. Berthelot, Ann. Chim. Phya. 1876, [5] 9, 347. 

A. F. Kapustinski and V. A. Maltzev,«/. Phys.-Chem. Russ. 1940, 14, 106. 

O. Maass and J. Russell, J,A.C.8. 1918, 40, 1664. 

4’* B. Topley and J. Weiss, J.C.S. 1936, 912. 

A. R. Gordon and C. Barnes, J. Chem. Phya. 1933, 1, 692. 
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obtained by phase rule methods.^®® As we saw above (p. 1166) a similar 
exchange was found later to occur in the gaseous state, and was similarly 
explained. 

Hydrogen bromide is of course very soluble in water of which a litre 
dissolves under 1 atm. pressure 2,212 g. at 0° and 1,930 g. at 25°, the latter 
solution being about 16-normal. It forms hydrates with HBr to 4 HgO 
(m. pt. —56*8°), 3 HgO (—48°), 2 (— 11 * 2 °), and 1 (incongruent).^®^ The 
partial pressure of the HBr changes in the same way as with HCl, being 
xninute at low concentrations, but rising rapidly when the concentration 
much exceeds 10 

Radioactive exchange between the halogen hydride or its salts and the 
free halogen occurs completely and rapidly in aqueous solution with 
bromine,chlorine,and iodine.^®® This is no doubt due to the forma¬ 
tion of the poly halide ions X 3 . 

HYDROGEN IODIDE, HI 

Hydrogen iodide differs from the bromide mainly in being much more 
readily oxidized. The reaction 

H2 + I2 = 2 HI. 

if Hg and HI are gaseous and Ig solid, involves the absorption of 12‘2 k.cals.: 
if the iodine also is gaseous it is just exothermic, but only gives out 
1*4 k.cals. As a result hydrogen iodide acts in many cases as a reducing 
agent, and a concentrated aqueous solution is often used for this purpose 
in organic chemistry. Owing to this relatively feeble affinity of hydrogen 
for iodine reaction chains cannot occur in the formation of HI. The 
dynamics of the formation have been studied in great detail especially by 
Bodenstein,^®'^ by sealing up known quantities of hydrogen and iodine 
in glass bulbs, which were then heated for a known time to a fixed tempera¬ 
ture, chilled, broken under oxygen-free water, and the contents analysed. 
The reaction is homogeneous and of the second order; the heat of activa¬ 
tion calculated from the temperature co-efficient of the velocity is 40 k.cals. 
The absolute rate of reaction calculated from this value of the activation 

E. H. Buhner and P. J. Karsten. Aknd. Amst. n VcrsL 1909, 17, 502; Proc, 
Acad. Anist. 1909, 11, 506. See also E. Beckmann and P. Waentig, Z. anorg. Chem. 

1910, 67, 48. 

S. U. Pickering, Phil. Mag. 1893, [5] 36, 119; H. W. Bakhiiis Roozeboom, 
Bee. Trav. 1885, 4, 111, 334; 1886, 5, 332, 374; Z. physikal. Chem. 1888, 2, 454, 457. 

S. J. Bates and H. D. Kirschman, J.A.C.S. 1919, 41, 1998. 

483 ]y[^ Wrewsky, N. Sawariski, and L. Scharlow, J. Russ. Chcni. Soc. 1924, 54, 367 ; 
Z. physikal. Chem. 1924, 112, 103. 

A. v. Grosse and M. S. Agruss, J.A.C.S. 1935, 57, 691. 

F. A. Long and A. R. Olson, ib. 1936, 58, 2214. 

«« D. E. Hull, C. H. Shiflet, and C. S. Lind, ib. 635. 

M. Bodenstein, Ber. 1893, 26, 2610; Z. physikal. Chem. 1894, 13, 56, 110; 
1897, 22, 1; 1899, 29, 295. See Hinshelwood, Kinetics of Chemical Change (1940), 
p. 47, etc. 



1168 Oroup VIL Hydrogen Halides 

energy is at 700° 014 (per sec. per mole per litre) while the observed rate 
is 0-064.488 

This reaction is also interesting in relation to the theory of Eyeing and 
Polyani48® that the essential use of the heat of activation is to bring the 
atoms into the positions required for forming the new molecules. While 
the quantitative calculation of this effect depends on factors which are 
not fully known, it is possible in this way to show that the reaction of 
hydrogen with iodine must go more easily through the molecules, and those 
with chlorine and bromine through the atoms.^^® 

The photosynthesis of hydrogen iodide depends on a different mechanism, 
the dissociation of the I 2 molecules into atoms, as with bromine and 
chlorine. With iodine as with bromine the difficulty arises in the second 
stage of the reaction. 

I + H 2 - IH + H - 32 0 k.cals. 

Owing to the highly endothermic character of this reaction, the iodine 
atom will only be able to react if it has a high kinetic energy, and so light 
waves can only bring about the reaction if they are very short^^^. Coehn 
and Stuckardt4^2 found that a mixture of hydrogen and iodine reaches 
equilibrium in light of a wave-length shorter than 2,200A, but that if the 
wave-length was longer than this there was no sign of the formation of 
hydrogen iodide. 

On heating, hydrogen iodide dissociates largely into its constituent 
elements. The equilibrium in the reaction 

H2 + I2 = 2 HI 

lies almost wholly on the right-hand side, but since the formation of HI 
in the gaseous state evolves heat, the dissociation is favoured by a rise of 
temperature. At any temperature near the ordinary the reaction is very 
slow; equilibrium is not reached at 100° in 3 months. The proportions at 
equilibrium have been found^^^-^ . 

At . , . 600° K. 700° K. 800° K. 1,490° K. 

Per cent. diss. . 19*1 22*2 24-9 36-6 

At the highest temperatures the equilibrium is to some extent affected 
by the dissociation of the iodine molecules into atoms.^^s 

W. C. M. Lewis, J.C.S. 1918, 113, 471. 

H. Eyring and M. Polanyi, Z, physikal, Chcni. 1931, B 12, 279; H Eyring, 
J.A.C.S. 1931, 53, 2537. 

A. Wheeler, B. Topley, and H. Eyring, J. Chern, Phys. 1936, 4, 178, have 
calculated by the methods of statistical mechanics the absolute rates of reaction of 
iodine, bromine, and chlorine with Hg, HD, and Dg, and have showmthat the results 
are in accordance with observation. 

See E. J. Bowen, J.C.S, 1924, 125, 1237, where the whole question of the 
photochemistry of the combination of the halogens with hydrogen is discussed. 

*®® A. Coehn and K. Stuckardt, Z, physikal. Chem. 1916, 91, 722. 

*®® M. Bodenstein, ib. 1899, 29, 296. 

*®* K. Vogel V. Falckenstein, ib. 1909, 68, 279; 72, 113. 

^®** See further A. H. Taylor and R. H, Crist, J.A.C.8. 1941, 63, 1377; they 
measure equilibrium and rates for I 2 -I-H 2 , and for Ij-f Dj. 
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The photodissociation of HI has been shown to give a normal neutral 
hydrogen atom and an excited neutral iodine atom, as would be expected 
from a covalent H—I molecule.*^®® 

Hydrogen iodide boils at —35-4 and melts at —50-8°.^®'^ Its critical 
temperature is 150*8°. The heat of evaporation at the boiling-point is 
4*724 k.cals., giving a Trouton constant of 19*9. The heat of fusion at the 
melting-point is 0*686 k.cals./mole.^®'^ 

Solutions of HI, as of HBr and HCl, are divided into those in which the 
molecule remains covalent, as in hydrocarbons, and those in which it is 
ionized, as in water. The non-ionized solutions have been very httle 
investigated, but they resemble those of HCl and HBr in the same sol¬ 
vents ; the solubihty is always very small. In organic solvents containing 
oxygen, hydrogen iodide is readily soluble owing to the formation of 
oxonium iodides. 

In water hydrogen iodide is very soluble: the three halogen hydrides 
have almost the same molar solubility in water, a htre of which, at 10° 
and under a gas pressure of 1 atm., will dissolve 14 moles of HCl, 15 of 
HBr, and 12 of HI.^®® Solid hydrates with 

4 H 2 O [m. pt. -36*5°], 3 H^O [-48°], and 2 H^O [ca. ~43°] 
are known; a monohydrate has not been isolated.^®® 

In water hydrogen iodide is of course a strong acid. Attempts have 
been made to determine the relative strength of the three halogen acids 
in water; but the results^®® are inconclusive. 

Aqueous solutions of hydriodic acid decompose very readily, as we 
should expect from the heat relations. In complete absence of oxygen 
they can be kept indefinitely, even in the hght, but in presence of oxygen 
the reaction 

(>2 + 4 HI -- 2 H 2 O + 2 I 2 -f 112*2 k.cals. 

goes on spontaneously, and is hastened by light. 

The chemical reactions of the solution are in general those of a strong 
acid, and those of a reducing agent. A great many—in fact most—organic 
substances of the most varied types, aliphatic and aromatic ahke, if they 
are heated at 250-300° with saturated aqueous hydriodic acid, are reduced 
to saturated hydrocarbons. The strength of the reducing agent can be 
maintained by adding elementary phosphorus, which reacts with the 
liberated iodine in the presence of the water to regenerate HI. With this 
reagent CS 2 can be reduced to methane and hydrogen sulphide. 

All ordinary oxidizing agents will liberate iodine from hydriodic acid— 
ozone, oxygen, nitric acid, arsenates, antimonates, vanadates (reduced to 
the quadrivalent state), chromates, permanganates, chlorine, bromine, 
ferric salts, etc. 

J. Franck and H. Knhn, Z. Phys, 1927, 43, lf)4 {B.G.A. 1927, A, 711). 

4#7 ^ p Giauqne and R. Wiobe, J.A.C.S. 1929, 51, 1445. 

R. Abegg and G. Bodlander, Z. anorg. Cheni. 1899, 20, 468. 

S. U. Pickering, Ber. 1893, 26, 2309. 

A. Hantzsch and A. Weissberger, Z, physikaL Chein. 1927, 125, 256. 
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BINARY CHLORIDES, BROMIDES, AND IODIDES 
Much of the properties of these compounds have already been discussed 
along with the inorganic fluorides (Fluorine, p. 1112). Something more may 
be said about properties of the halides which bear on the question of 
ionization or covalency. The covalent have low boiling-points, which 
rise with the atomic weight of the halogen; the salts have high boiling- 
points, falling in this order. The electric conductivities of the fused sub¬ 
stances are high with salts, and low or very low with covalent halides. 

The conductivities of the fused halides have been determined mainly 
by Biltz and Klemm,^®^ who in particular have measured nearly all the 
known chlorides. They cannot all be measured at the same temperature, 
and this has therefore usually been done just above the melting-points. 
Since the melting-points of ionized compounds are higher than those of 
covalent, and the conductivities all increase with temperature, this exag¬ 
gerates the differences in conductivity between the two classes of com¬ 
pounds, but the conductivities var^^ over so wide a range (in the ratio of 
10 ® to 1 ) that the temperature effect is only of secondary importance. Out 
of 60 chlorides of 53 elements examined by Biltz and Klemm, 31 were 
found to have conductivities (in reciprocal ohms near the melting-point) 
lying between 10 and 0 * 1 , and are obviously ionized, while for 26 the value 
was less than 2 x 10 '“®, showing that these are covalent. Only 3 (BeClg, 
ZnCl 2 , HgCl 2 ) gave intermediate values (32, 24, and 0*82 x 10“'*). 

A further distinction between halides is their behaviour with water. 
This can be of four kinds. ( 1 ) Ionization; ( 2 ) hydrolysis to HX and the 
hydroxide of the other element; (3) no action at all; (4) hydrolysis to the 
hydride of the second element and hypohalous acid HOX. 

As we have seen, which of these occurs depends on the nature of the 
atom A. ( 1 ) Ionization is favoured by low valency, a large cation, especially 
when this has an inert gas structure, and a small anion. When these 
conditions are not fulfilled, ionization does not occur, but one of the 
alternatives ( 2 ), (3), or (4). ( 2 ) is then the normal behaviour if A has a 
valency group of less than the maximum size for that atom (BCI 3 , SiCl 4 , etc.); 
(3) inactivity is found where A has its maximum valency group and this 
is fully shared (CCI 4 , SFg, SeFg); (4) hydrolysis to the hypohalous acid 
occurs when the valency group of A is of the maximum size but is not fuUy 
shared: among the binary halides this normally happens only with those 
of nitrogen and oxygen, and the elementary halogens themselves.* 

COMPLEX HALIDES (INCLUDING FLUORIDES)^<^ 

There are more known types of complex halides than of any other kind 
of complex salt, and almost as many as for the rest put together. The 
existence of four halogens, and the absence of complications due to other 
* For its occurrence among organic halides (with C-hal) see below, p. 1189. 

See especially W. Biltz, Z. anorg, Ghem. 1924, 133, 312; W, Biltz and W 
Klemm, ib. 1926, 152, 267. 

See N. V. Sidgwick, J.C.S. 1941, 441. 
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atoms attached to the donor, make the relations comparatively easy to 
detect. 

Complexes have been described with every number of halogen atoms 
from 2 to 8 on the central atom (those with more than one central atom are 
not discussed here, as their structures are often uncertain). Usually the 
only evidence we have for their constitutions is the composition of the 
solid, but it is only when the crystal structure is known that we can be 
sure we are dealing with a single salt and not a crystal aggregate. This 
danger is not imaginary. For example, X-ray analysis has shown that the 
salt K 2 CUCI 4,2 H 2 O is really an aggregate of planar molecules of CuCl 2,2 HgO 
with and Cl“ ions (I. 163): that CsAuClg (with apparently divalent 
gold) is CsgAu^Au^^Clg, and is made up of Cs"^ with 2 kinds of anions, 
linear Au^ClJ and planar Au^*‘Cl 4 (I. 190); and that CS 3 C 0 CI 5 is made up 
of Cs^, Cl“, and CoCl^"" (VIII. 1389). With most complex salts we have 
better evidence (for example from the solubilities) that they contain 
complexes, than what these complexes exactly are; but it is to be presumed 
that usually they are not aggregates of this kind, and the composition may 
be taken at its face value. 

The influence of the halogen on the formation and stability of the com¬ 
plexes is marked. In simple compounds, as we have seen, the heats of 
formation of the links are always in the order 

A—F > A—Cl > A—Br > A—I, 

the mean relative values with some 20 observed A atoms being 1-47, 1 , 
0*84, 0*69. The increased covalencies of the A atom in the complex will 
diminish these, but not much, as is shown by these relative values: 

Al—Cl in AICI3 1 P—Cl in PCI3 1 

Al—CliiiAljCle 0-80 P—ClinPClj 0-85 

Sb—Cl in SbClg 1 I—Cl in ICl 1 

Sb~Cl in SbCIg 0-82 I—Cl in ICI3 0-82 

SO that, as all the values will be diminished in the complexes similarly, the 
order of the heats of formation of the A—hal links is not likely to be 
changed. Experimentally so far as is known the order of stability of 
the complex halides is usually Cl > Br > I. But while the fluoride is 
sometimes more stable than the chloride (as we should expect it to be), it 
is sometimes less so. Possible causes of its being less are ( 1 ) that the 
simple fluoride does not exist, (2) that it is very insoluble, and (3) that it is 
highly hydrolysed by water. The data show that there are some 22 central 
atoms whose complex fluorides are more stable than the chlorides, and 
34 where the fluoride is less stable or is unknown. The following table 
gives the number of each kind which come under the headings ( 1 ), ( 2 ), and 
(3): ‘normal’ are those to which none of these causes apply. 


Binary fluoride 

1. Non-exist, 

2. Insol. 

3. Hydrol. 

4. Normal 

stability of)F > Cl (22) 

2 

1 

2 

17 

complex /f < Cl (34) 

17 

4 

9 

4 
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No satisfactory generalizations can be made about the effect of the 
nature of the central atom on the size and stabihty of the complex; but 
the following hst may be useful. The symbols X 6 , Cl 4, etc., are written 
for the complex ions AX^, ACI 4 , etc. X == F, Cl, Br, 

Group I (VII. 1105) Hydrogen. H[F—H--F], with a hydrogen bond. No 
chloride. 

Alkali Metals. None (too strongly ionized), 
p. 147. Cu', Ag', An': X 2, X 3, rarely X 4. Only fluoride M 2 [AgF 3 ]. Sta¬ 
bility Cl > Br > I: Cu' > Ag' > Au'. 
p. 161. Cu". F > Cl, Br > I: X 3, 4, rarely 5, no more, 
p. 176. [Ag". None, as cation oxidizes anion.] 
p. 190. Au'". No F: Cl, Br, I, always X 4. 

Qraup II 

p. 217. Be. F 4 very stable. Cl 4 doubtful, 
p. 242. Mg. F 3 and 4. Ca, Sr, Ba none. 

pp. 284, 331. Zn, Cd, Hg. All give stable complexes: F <^C1 > Br > I: 
with F, Zn > Cd > Hg. All give X 3 and 4: Cd also X 6. 

Group III 

p. 409. Boron. F 4 very stable: no others. 

p. 435. Al. F 4, ? 5, 6. No others except X 4 in AlgClg and AlgBrg. 

p. 441. Sc and rare earth metals. Very few, if any, except Sc: F 4 and F 6. 

p. 476. Ga. F 4, 5, 6: no Cl, Br, or I. 

p. 476. In. No F: Cl and Br, 4 and 5. 

p. 476. Tl. No F: Cl 4 and 5. 

Oroap TV 

[Carbon none.] 

p. 614. Sii^ F 6: no Cl, Br, I. 
p. 615. Ge*^. The same. 

p. 616. Sn^v^ X 6 and X 8 stable: F = Cl > Br > I. 

p. 616. Pbiv. a, Br, I aU 6. 

p. 618. Ge". Cl 3. 

p. 622. Sn". a 3 and 4; ? I 4. 

p. 626. Pb". a, Br, I: 4-6. 

Group IV. A 

p. 644. Ti*'^. F ^ Cl, Br, I: all 6: stabihty in the order Si > Ti > Zr. 
p. 645. Zr*'^. Similar but less stable; F 5, to 8. 
p. 646. Th‘v. F 5, 6: Cl 5. 
p. 651. Ti'". F5, 6:C15. 

Group V 

p. 756. P^. F 6 stable, 
p. 799. As^. F 6. 

Gmelin, Fluor, 1926, pp. 69-72 gives a complete list to date of the double 
fluorides, with references. In Chlor, 1927, p. 223; Brom, 1931, p. 286; lod, 1933, 
p. 431, are given lists oxily of the complex acids. 
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p, 799. Sb^. F, Cl, Br all 6 ; stability of F 6 P > As > Sb 
[Bi^ no complexes.] 

none: no inert pair.] 

p. 798. As*‘*. Cl 4: Br 4, 5. Not very stable. 

p. 798. Sbiii. X 4, 5, 6 ; ? F 7. 

p. 799. Bii». X 4, 5, ( 6 ): F only 4. 

p. 817. V^. Only oxy-halides, as M[VOF 4 ]. 

p. 839. Nb'^. F 6 , 7, and oxy. Cl only oxy, unstable. 

p. 848. Ta^. F 6 , 7, 8 : no oxy. 

p. 822. Viv. F 4, 5, 6 . 

Oroup VI 

p. 989. Se. Only Se*'^: Cl, Br 6 : no F or I: rather unstable, 
p. 993. Te^v Similar: no F, Cl, Br, I 5 and 6 : unstable, 
p. 1008. Crv. Oxy, as M 2 [CrOCl 6 ] and M[CrOCl 4 ]. 
p. 1050. Mqv. Similar. F < Cl > Br. 

[Wv. None.] 

p. 1055. [No Cr*v or Mo*''] only type M 2 [W(OH)Cl 5 ]. 
p. 1021. Cr**^ Very stable with F, Cl, Br: no I. X 5, and 6 . 
p. 1059. Mo»*. F 4: Cl 4. (No Br or I), 
p. 1060, None except MgfW^gCy.] 

[Cr^*. None.] 

p. 1064. [Mo**. Only derivs. of Moehalij.] 

[W**. None.] 

p. 1078. U'^*. All are uranyl, UOg: F 3 , 5, 6 ; Cl 4. 
p. 1084. U*v, Very like Th: F 5, Cl 6 , Br 6 . 

Group VII 

p. 1190. Halogens: perhaUdes as M[X 3 ], M[X 5 ] etc.: practically no F. 

For central atom Cl < Br < I. 
p. 1198. MPCI 4 ], planar, 
p. 1274. Mn*''. F 6 , Cl 6 : fairly stable, 
p. 1282. Mn***. F 5, Cl 5: hydrolysed by water, 
p. 1287. Mn**. X 3, 4, 6 . F < Cl > Br. Not very stable, 
p. 1305. Re'". Oxyhalides as M 2 [ReOCle]: imstable. 
p. 1308. Re*v. F, Cl, Br, I: aU 6 . Very stable, 
p. 1313. Re***. Cl 4, Br 4. 

Oroup VIII, 

p. 1366. Fe***. F < Cl > Br: no I. F 4-6, Cl 4-7. 
p. 1367. Br 4 and 5, 

p. 1348. Fe**. Few, only F and Cl 3 and 4. 

p. 1413. Co***. No pure complex halides, only ammine-halides. 

p. 1389. Co**. F < Cl > Br > I. X 3 - 6 , especially 4. 

p. 1448. Ni**. F > Cl > Br > I. F 4, Cl 3, and ? 4. 

p. 1477. Ru*v. Cl, Br, no F or I. All X 6 or X 5 OH. 

p. 1473. Ru***. Cl > Br: no F or I. X 4-7. 

p. 1502. Os’^*. None pure, only oxy- with Cl and Br, as K 2 [ 0 s 02 Cl 4 ]. 
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p. 1497. Ostv. X 6 . F, Cl > Br > I. 
p. 1493. Cl 6 , very unstable. 

p. 1510. Os^*. None pure, only M 2 [Os(NO)X 5 ]; X = Cl, Br, I; Cl very stable. 

p. 1525. Rhiii. No F: Cl > Br > I. X 5-7. Stable. 

p. 1545. Iriv. X 6 . F > Cl > Br. No I. 

p. 1540. Iriii. X 6 . Cl > Br. No F or I. 

p. 1576. Pd*v. Cl, Br 6 ; no F or I. Rather stable, 

p. 1561. Pd^^*. Cl 5, very unstable. 

p. 1568. Pdn. Cl, Br, I, all 4. Fairly stable. 

p. 1622. Pt^'^. All 4 halogens X 6 : F little known. Very stable. 

p. 1609. Pt*“. Cl 5, very unstable. 

p, 1605. Ptiv. No F, the rest all X 4; Cl, Br > 1. 

ORGANIC CHLORIDES, BROMIDES, AND IODIDES 

These organic derivatives are far better known than those of fluorine, 
and only a few of their more important properties can be discussed. 

The methods of preparation are by addition to the double link or by 
substitution; the conditions may be summarized thus. 

A. Addition to double and triple links, the addendum being either 

(a) halogen, or (b) halogen hydride. (The addition of HO+Cl is dis¬ 
cussed under HOCl, p. 1213). 

B. Replacement of other atoms or groups by halogen. 

The other group may be 

(a) Hydrogen. This is direct halogenation, the reagent being either the 
halogen itself or some compound which yields it, such as an iodide 
chloride Ar • ICI 2 . 

(b) Hydroxyl: this is done by 

1 . Hydrogen halide. 

2 . Phosphorus tri- or pentahalide. 

(c) NH 2 : this is confined to the aromatic amines, which react through the 
diazo-compounds. 

These are the most important methods, though there are others that 
are sometimes used. These methods may be taken in order. 

A. Addition Reactions 
(a) Addition of Halogens to Multiple Links 

Addition can take place to double or to triple links, but much more is 
known about the former. The addition of chlorine or bromine (not of 
iodine, save in exceptional cases like that of cyclopropane^®^) occurs readily 
in presence of catalysts such as salt-like surfaces, and of light; the photo¬ 
chemical reaction, like that of hydrogen with the halogens, is homogeneous 
and inhibited by oxygen; it gives a quantum yield of 10 ® with chlorine and 
10 ® with bromine.®®® When ethylene and bromine are brought together in 

R. A. Ogg and W. J. Priest, /. Chem. Phys, 1939, 7, 736. 

H, Schmitz, H. J. Schumiicher, and A. Jager, Z. physikaL Chem. 1942, B 51, 

281 . 
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the gas, the reaction takes place almost entirely on the glass walls.^^® 
Norrish^®^ found that the rate of combination is much greater when the 
walls are ‘polar’ (as with glass); if they are covered with solid paraffin the 
combination is almost stopped, whereas with stearic acid it is quicker than 
with glass alone. The relative amounts of combination in 4 minutes with 
various substances on the walls are: 

Paraffin Cetyl Ale, Glass Stearic acid 
3-8 13*3 19 0 21-9 

The addition in carbon tetrachloride solution is accelerated by light. 

It goes several times as quick when the liquid is moist as when it is care¬ 
fully dried. It also goes, curiously, much quicker at 0° than at 25°, and 
this temperature effect is increased as much as 100 times when the system 
is dried. 

The effect of substituents (especially methyl groups) in the ethylene 
both on the heat and on the rate of reaction have been measured. The heat 
of reaction of C=C with Bra was measured in the vapour at 80°, being 
catalysed by dry calcium bromide, both for the substituted ethylenes^^^^® 
and for the unsaturated cycloparaffins^^^; the results may be compared 
with the heats of hydrogenation^^^^®: "" 


Hydrocarbon 

C^C-hBr^ 

C-C-fHj 

HjC=CH, .... 

291 

32-6 k.cals. 

CH 8 *CH=CH 2 

29-4 

301 

CH 3 .CH 2 ‘CH==CH 8 

29-6 

30-3 

CH 3 . CH=CHCH 3 trans 

291 

27-G 

CH 3 .CH=CHCH 3 . 

30-2 

28-6 

(CH3)aC=:CHCH3 . 

30-4 

26-9 

Cyclopentene 

28-6 


Cyclohexene 

33-6 

28-G 

Cycloheptene 

30*4 

26-5 

Cyclooctene .... 

29-3 

23 5 

Normal heptene . 

30-2 



These results with the ethylenes give a thermodynamic basis for Markowni- 
koff’s rule (below, p. 1177), and also show why in substitution the bromine 
replaces by preference the hydrogen on the most highly substituted carbon. 

The whole of this evidence makes it probable that these small differences 
depend on the hindrance to free rotation, and that this hindrance is due 
to atomic (or link) repulsion, so that the energy content is greater in the 
eclipse position. 

T. D. Stewart and K. R. Edlund, J.A.C,S. 1923, 45, 1014. 

‘^0’ R. G. W. Norrish, J.C.S. 1923, 123, 3006. 

^08 H. S. Davifl, J.A,C,S. 1928, 50, 2769. 

J. B. Conn, G. B. Kistiakowsky, and E. A. Smith, ib. 1938, 60, 2764. 

Id., ib. 1939, 61 , 1868. M. W. Lister, ib. 1941, 63, 143. 

G. B. Kistiakowsky, J. R. Ruhoff, H. A. Smith, and W. E. Vaughan, ib. 1936, 
58, 137. 

Id., ib. 1936, 57 , 876. 

6114.8 
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The replacement of the hydrogen atoms in ethylene by methyl groups 
is found^®® to increase the rate of addition of halogen; thus with the dried 
system in the dark ethylene needs some days for fairly complete combina¬ 
tion, methyl ethylene some hours, and trimethyl ethylene only a few 
minutes. On the other hand, negative groups (such as halogen atoms or 
carboxyl groups) diminish the rate: the relative rates of addition of 
bromine in methylene chloride at — 35° were found by Ingold^^^ to be: 

CHj=:CHa . . .10 CHj^CH.COOH . . 003 

(CH3)aC=CH2 . . 5*5 CHa-rCHBr . . . 004 

(CH3)3C-C(CH3)3 . . 14 

In the same way tetrapheiiyl ethylene will not react with bromine at 
all 61&-16 and though it does add on chlorine, it easily loses it again. 

An interesting question®^® is how far addition to the double Hnk takes 
place in the cis and how far in the trans position. Earlier workers, includ¬ 
ing van ’t Hoff and Wislicenus, made the natural assumption that the 
addition must be in the cis position. It is, however, well established now 
that both kinds of addition occur, and it is indeed probable that the trans 
addition predominates. Thus it has been shown that acetylene on addi¬ 
tion of bromine gives a mixture of cis and trans dibromo-ethylene^^®; 
fumaric acid takes up chlorine to give about 80 per cent, meso (trans) and 
20 per cent, racemic dichlorosuccinic acid,^^^ and maleic anhydride with 
chlorine gives 80 per cent, racemic and 20 per cent. meso-aci(i,^22 
cases the trans addition predominating. 

When the unsaturated molecule contains two double links in the conju¬ 
gate position, there is the possibility that the halogen will not add either 
to one or to the other of the double Unks, but to the 1 and 4 positions, 
giving a new double link: 

0=0—C==C -5. C—C-::C—C 



It was to account for such reactions as this that Thiele put forward his 
theory of conjugate double links .^23 shown that with such 

a system 1,4-addition often occurs, but by no means always. With the 
halogens it would seem that the addition is normally to the 1 and 2 
positions^ 24 . but in the particular case of butadiene the quantum mechanism 

C. K. and E. H. Ingold, J,C.S. 1931, 2354; see also S. V. Anantakrishnan and 
C. K. Ingold, ib. 1935, 984, 1396. 

A. Behr, Ber, 1870, 3, 751. Bauer, ib. 1904, 37, 3317. 

H. Finkelstein, ib. 1910, 43, 1533. 

J. F. Norris, B. Thomas, and B. M. Brown, ib. 2940. 

See W. Hiickel, Theor. OrundL d. org, Chemie^ 1931, Bd. i, 290. 

*^20 G. Chavanne, C,R. 1912, 154, 776. 

R, Kuhn and T. Wagner-Jauregg, Ber. 1928, 61, 519. 

*22 B. Holmberg, J. pr. Chem, 1911, 84, 145. 

*23 J. Thiele, Ann. 1899, 306, 87. 

*2^ Cf. W. Hiickel, Theor. Grundl. d. org. Chemie, 1931, Bd. i, p. 307. 
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of the addition has been studied by Eyring,®^^ ® who concluded that 
1,4-addition should occur, and that the reaction should be catalysed by the 
walls; an experimental investigation by Heisig and Wilson®^’ fully con¬ 
firmed these conclusions. 

Bartlett and TarbelP^® show that in general the addition of halogen 
occurs in two stages, the first being the formation of a complex cation 
[C=C* -X]^, which Robinson^^^ writes 


R\ ^ Al 
)C—(X 


this has been attacked on the ground that cis and trans olefines would then 
give the same products. But it has been pointed out®®® that there should 
be co-ordination (at least in a resonance form) to the cyclic structure 

R\ /R 
X 


;c—cc 

R'^ \i/ \R 


which overcomes this difficulty. See further reference ®®^ 


A. (b) Addition of Hydrogen Halides 

This is in general less ea.sy than the addition of the halogens, but takes 
place more readily the heavier the halogen. The heats evolved in these 
reactions in the gaseous state are: 

f HCJ = CH—CCi -f Q. 

41-4 102-7 87-3 6G-5-f 9-7 kc. 

-f- HBr = CH-fCBr 
41-4 87-3 87-3 54-0 + 12-6 kc. 

-f HI = CH—Cl 
41-4 71-4 87-3 45-5 + 20-0 kc. 

When the double link is unsymmetrically placed in the organic molecule, 
a new question arises as to which way the hydrogen halide attaches itself 

^RjCH—CR^hal 
RaC^CRa-f H-hal( 

^RjChal—CR^H 

Markownikoff in 1870®®® stated his well-known rule that the halogen 
H. Eyring, Science, 1933, 77, 158. 

H. Eyring, A. Sherman, and G. E. Kimball, J. Chem. Phys. 1933, 1 , 58C. 

G. B. Heisig and J. L. Wilson, J.A.C.S. 1936, 57, 869. 

P. D. Bartlett and D. S. Tarbell, ib. 1937, 59, 407. 

R. Robinson, ‘Electronic Theory of Organic Reactions’, Inst, of Chem. 1932. 

I. Roberts and G. E. Kimball, J.A.CJS. 1937, 59, 947. 

K. Nozald and R. A. Ogg, ib. 1942, 64, 704, 709. 

»*' W. B. Markownikoff, Ann. 1870, 153, 260. 
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attaches itself to the carbon which has the least number of hydrogen atoms 
(this is the basis of Michael’s ' positive-negative ’ rule^^®) to which he added 
a second rule, that in the addition to vinyl chloride CHg—CHCl, or to 
a-chloro-propylene CH 3 • CH=CHC1, the halogen of hydrogen chloride or 
iodide goes to the carbon which already carries a chlorine atom.^^^ 

These rules are substantially true, but in 1933 a new and so far unex¬ 
plained influence on these reactions was discovered by Kharasch.^^® He 
showed that in some of these cases the orientation of the product was 
determined, considerably if not wholly, by the presence or absence during 
the reaction of oxygen or certain peroxides. Thus allyl bromide which has 
been exposed to the air, and can be shown to contain peroxidic impurities, 
rapidly takes up HBr and forms mainly 1,3-dibromopropane: 

CH 2 Br.CH--CH 2 + HBr -> CHgBr• CH 2 —CHgBr. 

But if the peroxides are removed and the reaction carried out in the 
absence of air, the addition is slow, and 80 per cent, of the product is the 
1 , 2 -dibromide CH 2 Br • CHBr • CHg. If oxygen is passed through a peroxide- 
free specimen for 10 minutes, 70 per cent, of the 1,3-product is again 
obtained. In presence of ‘ antioxidants substances which remove oxygen 
or peroxides (such as diphenylamine or quinol), only the 1 , 2 -dibromide is 
formed. 

This discovery led to much further work, and the results up to date have 
been summarized by J. C. Smith.A most remarkable result is that 
while this 'Kharasch effect’ is undoubtedly true, it is strictly limited, and 
is confined ( 1 ) almost to terminal double links, and ( 2 ) quite to the addi¬ 
tion of HBr. For a further discussion and a suggested explanation of these 
phenomena see reference It has been shown that the addition of a 
hydrogen halide to a molecule CH 2 —CH-R takes place as follows: 

Hydrogen Chloride adds slowly (oxygen or no oxygen), always giving 
CHg—CHCl • R (Markownikolf’s first rule). See further references 539 - 40,546 

Hydrogen Bromide ; in the absence of oxygen or a })eroxide the HBr adds 
on slowly, giving again the 2 -haIide CH 3 —CHBr -R, as with HCl: this is 

A. Michael, J. prakt. Chan, 1899, 60, 341 ; Ber, 1906, 39, 2138. 

534 jpqj. discussion of tlie caus<\s of these reactions see H. B. VV^atson, Modern 
Theories of Org, Chemistry, ed. 2, 1941, p. 145, 

^^35 M. S. Kharasch and F. R. Mayo, J.A.C.S. 1933, 55, 2468. 

^36 J. C. Smith, Chem. ajid Ind. 1937, 833; 1938, 461. 

^37 Id., Ann, Rep. Chcm. Soc.for 1939, 36, 219. 

638 F. R. Mayo and V. Walling, Che7n. Rev. 1940, 27, 375, and W. A. Waters, 
Chemistry of Free Radicals, 1946, p. 180. 

638 M. S. Kharasch, S. C. Kleiger, and F. R. Mayo, J. Dry. Chem. 1939, 4, 428. 

6^0 M. S, Kharascli, C. WaUing, and F. R. Mayo, J.A,C.S, 1939, 61, 1659. 

6 ^^ M. 8 . Kharasch, H. Engelmann, and F. R. Mayo, J. Org. Chem. 1937,2, 288, 400. 

6^2 M. 8. Kharasch, J. A. Norton, and F. R. Mayo, ib. 1938, 3, 48. • 

M. S. Kharasch, M. Z. Fineman, and F. R. Mayo, J.A.C.S. 1939, 61, 2139. 

6 ** M. S. Kharasch, W. R. Haefele, and F. R. Mayo, ib. 1940, 62, 2047. 

W. E. Vaughan, F. F. Rust, and T. W. Evans, J. Org. Chem. 1942, 7, 477. 

M. S. Kharasch, J. Kritschevsky, and F. R. Mayo, ib., 1938, 2, 489. 
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the ‘normal’ reaction. In presence of ox^^gen or a peroxide the addition takes 
place rapidly, with the formation of the other product CH 2 Br—CHg-R: 
this is the ‘abnormal’ reaction. See further references 

Hydrogen Iodide always adds on rapidly, and always, oxygen or no 
oxygen, gives the normal product OH 3 —CHI R. 

The rate of addition both of HBr and of Brg to cyclopropane is greatly 
increased by the presence of oxygen or peroxides.®*® The bromination of 
toluene is greatly accelerated by peroxides, both the thermochemical 
reaction in solution giving benzyl bromide, and the photochemical in the 
vapour, when the bromine goes into the nucleus.®*’ Some other reactions 
are affected in the same way, such as the Cannizzaro reaction (formation of 
acid+alcohol) with benzaldehyde,®®’ which is stopped by the addition of 
an antioxidant. Other catalysts, such as powdered iron®** or nickel, and 
even ultra-violet light®*® have the same influence on the addition of hydro¬ 
gen bromide. Ferric chloride hastens the addition of hydrogen chloride 
or bromide to a terminal C-“C group, but does not affect its direction.®®^ 
The real active agent is probably elementary oxygen, and peroxides 
(benzoyl peroxide, perbenzoic acid, etc.) are onlj^ active so far as they give 
oflF oxygen. From the rapidity of the catalysed ‘abnormal’ reaction, it is 
evidently a chain reaction, and presumably it involves bromine atoms; 
but beyond this its mechanism is still obscure (see refs, 

The addition of hydrogen bromide to the triple hnk in acetylene is very 
slow in the absence of a catalyst, and hydrogen chloride will not go on at 
all. But in presence of mercuric salts (which seem to be specific for a triple 
link) HCl forms monochlorethylene CH 2 -CHCl, and with mercuric 
bromide HBr forms both monobromethylene CHg-—CHBr and ethylidene 
dibromide CH 3 —CHBr 2 . 

B. Replacement Reactions 
(a) Replaceyneni of Hydrogen: Direct Halogenation 

This is commonly effected by means of the halogens themselves. The 
heat of the reaction Q will be diff erent according as there is or is not water 
present to absorb the hydrogen halide (ht. of soln.: HCl 17-7, HBr 20 * 0 , 
HI 19*3 k.cals.). The following table gives the values of Q dry and Q wet— 
i.e. with or without water to absorb the HX produced. 

Q dry Q wet 

C—H-f Clj - C—Cl+H—Cl 
87*3 57-8 66-5 102-7 +24-1 + 41-8 

C—H -f- Bfj - C—Br+H Br 


87-3 

46-2 

64-0 

87-3 7-8 -1 27-8 


I* 

G-~I 

H- J 

87-3 

37-6 

45-5 

71*4 _ 80 + 113 


The reaction often takes place under very different conditions according 
as the hydrogen replaced is aliphatic or aromatic. It does not occur with 

M. S. Kliaraach, P. C, and F. K. Mayo, ib. 3, 33. 
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iodine at all, unless the hydrogen iodide produced is removed, for example 
by adding iodic acid HIO 3 (which forms I 2 +H 0 O) or mercuric oxide. With 
chlorine or bromine it is very slow at the ordinary temperature if it is 
unassisted, but it can be much hastened by the addition of a suitable 
catalyst, by exposure to light, or by a rise of temperature. Kharasch 
finds^**^ that in the cold cyclohexane and isobutane are brominated by 
bromine in the absence of light and oxygen only about 1 per cent, per 
month; with Oo in the dark, or with light and no Oo, about 10 per cent.; 
with both together far more than 20 per cent. Peroxides have no effect. 
Much the same occurs with where, however, peroxides are 

active at 50°. 

With the paraffins it has been shown^^^ that the photochemical reaction 
(which occurs with toluene and even benzene as well as w ith the })araffins) 
is essentially of the same kind as that between chlorine and hydrogen, 
with the production of long chains, not quite so long as with hydrogen, 
but of 10 ^ to 10 ^ links. In the methane series the length of the chain (the 
quantum yield) falls from 10 ^ to 10 ^ as the amount of chlorine in the mole¬ 
cule increases, and we go from CH4 to CHCI3. The ])hotochemical reaction, 
both with paraffins and with aromatic hydrocarbons, is often, especially 
with chlorine (see Kharasch, refs. 549-50 above) much delayed by the 
presence of oxygen, just as is the reaction with hydrogen. The thermal 
reaction seems to be in many w^ays similar to the photochemical. 

The chlorination of the natural paraffins has recently assumed great 
technical importance, as these hydrocarbons, obtained from natural gas 
and separated from one another b}^ fractional distillation, are the sources 
of a large number of commercial products. The conditions of their 
chlorination and the nature of the products have recently been examined 
in great detail by Hass and his colleagues.^^^"^ They studied the photo¬ 
chemical and the thermal reactions, both in the liquid and in the gaseous 
phase; the general conclusions are much the same w hichever method of 
reaction is used. The process is liable to be com])licated by the occurrence 
of a second reaction, known as pyrolysis, w hich is promoted by high 
temperatures and long exposures, in which an olefine is formed (usually by 
the splitting off of a halogen hydride from a halogenated product, but as 
the temperature approaches that of cracking other grou])s, even hj^drocar- 
bon groups, may be broken off), and this then adds on a molecule of the 
halogen: 

CH--C*hal -> C--C + H.hal -C-hal—C-hal. 

Assuming that the temperatures are such that pyrolysis is excluded, 
the results may be summed up as follows. 

No rearrangements of the carbon skeleton take place during either 

See N. Semenoff, Gheni. Kinetics and Chain Reactions, 1935, p. 122. 

M. S. Kharasch, W. Herod, and F. R. Mayo, J, Org, Chem, 1941, 6, 818. 

M. S, Kharasch and M. Z. Fineman, J.A,C,S. 1941, 63, 2776. 

•'*1 H. B. Hass, E. T. B. McBeo, and P. Weber, J. Ind. Eng. Chem. 1935, 27, 1190. 

“a Id., ib. 1936, 28, 333. 
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thermal or photochemical chlorination, and every possible monochloride 
is formed. So far as is known, the same is true of the polychlorides as well. 
The rate of replacement of hydrogen atoms is greatest when they are 
tertiary and least when they are primary; for chlorination in the vapour 
at 300° the ratio is lry:2ry:3ry: = 1*00:3*25:4*43. As the temperature 
rises this ratio approaches unity both in the liquid and in the vapour. 
Chlorination in the liquid gives the same order, but the ratio is much 
nearer to unity. The effect of drying, or of adding coke as a catalyst, or 
of exposure to light, is to increase the absolute rates of reaction, but to 
leave the relative values unchanged. For the mechanism of chlorination 
and bromination see further references 

The dichloro-compounds are formed in two ways, by loss of HCl 
followed by addition of chlorine, and by progressive chlorination. Slow 
chlorination in the vapour, with its long exposures, tends to promote the 
first kind (pyrolytic), and rapid chlorination in the liquid the second. 

When the chlorination is carried out in the vapour, the presence of a 
chlorine atom on a carbon tends to prevent the replacement of another 
hydrogen on the same carbon, and to some extent®^^ on the next carbon; on 
the other hand, when CH 3 • CF 2 • or CH 3 • CCI 2 * is chlorinated, 

one CH 3 is converted into CHgCl, CHCI 2 , and CCI 3 before the other is 
attacked. See further references 

A variety of catalysts can be used to promote halogenation.^®® These 
consist mainly of elements (or the halides of elements) which form more 
than one type of halide. The most important are iron and its halides, the 
pentachlorides of antimony, molybdenum, and phosphorus, iodine mono- 
chloride, and aluminium and its halides. The same catalysts are used for 
chlorination and for bromination. Iron and its halides promote the 
halogenation both of ali])hatic and of aromatic hydrocarbons; according 
to Victor Meyer (1891-2) every normal paraffin can be made by treatment 
with bromine and iron wire to take up one bromine atom on each carbon. 

The effect of various catalysts is not the same on paraffins as on aromatic 
hydrocarbons. Iron seems to be effective with both, but aluminium and 
its halides have more effect on the paraffins (or on hydrogen atoms in a 
side chain). The familiar statement that the replacement of hydrogen is 
easier with an aromatic than with an aliphatic hydrocarbon (which is 
generally taken to be an important element in the aromatic character) is 
probably true of halogenation, but the position is not quite simple. In the 
cold, and in the absence of light and catalysts, substitution is very slow 
with hydrocarbons of either kind. The influence of light is greater with 

568 H. A. Taylor and W. E. Hanson, J. Chem, Phys, 1939, 7, 418. 

664 A. Guyer and A. Rufer, Helv, Chim, Acta, 1940, 23, 533. 

665 F. F, and W. E. Vaughan, J. Ory, Chem. 1941, 6, 479. 

666 A. L. Henne and M. W. Renoll, J,A,C,S, 1937, 59, 2434. 

66’ A. L. Henne and E. C. Ladd, ib. 1938, 60, 2491. 

666 M. S. Kharasch and M. G. Berkman, J. Org. Chem, 1941, 6, 810. 

669 J, Stauff and H. J. Schumacher, Z, Elektrochem, 1942, 48, 271. 

669 See, for example, Houben-Weyl, Bd. ii (1922), p. 430. 
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aliphatic,and that of catalysts on the whole with aromatic hydro¬ 
carbons; in the thermal reaction, which is common to both, no direct 
comparisons seem to have been made. 

The bromination of benzene in light has been studied by W. Meidinger^®’*^ 
(see also ref. who finds that two simultaneous reactions occur, the 
normal substitution of hydrogen, and an addition of bromine Brg to 
form presumably CeHgBrg, which, however, immediately combines with 
more bromine to give the hexabromide CeHeBrg. This tendency of benzene 
to pass into a cyclohexane derivative by taking up three halogen mole¬ 
cules seems to be exhibited under two sets of conditions, (1) under the 
influence of light, where in the vapour phase it is the main reaction, and 
(2) in the presence of a hypohalous acid, HOCl or HOBr^®^; the halogen 
is added to a caustic soda solution on the top of which a layer of benzene 
is floating; as soon as excess of halogen has been added to the alkali, 
reaction takes place with the benzene, and the hexahalide is formed in 
good yield. The further discussion of this belongs, however, rather to 
benzene than to the halogens. 

In direct halogenation it is possible to use in place of the elementary 
halogen some compound which evolves it, such as an aryl iodide chloride 
Ar-IClg (see later p. 1247). Complex plumbichlorides such as 

(NH4)2[PbCle] 

can also be used.^®^ 

In the halogenation of aliphatic ketones and acids a peculiar mechanism 
has been found. Acetone in aqueous solution is converted by halogens at a 
measurable rate into the monohalide, such as bromacetone 

CHg.COCHaBr. 

Lapworth®®® showed that this reaction is catalysed by hydrogen ion; but 
in presence of a constant excess of acid the rate is proportional to the 
concentration of the acetone, and independent of that of the halogen. 
Moreover, the velocity constant at fixed concentrations is the same for 
chlorine and also for iodine®®^ as for bromine. 

Hence the reaction whose velocity is being measured is one in which the 
halogen plays no part. The halogenation of the acetone must take place 
in two stages, first, a slow reaction in which the halogen is not concerned, 
and then a rapid reaction of the product with the halogen to give the 
halogeno-acetone. 

The first (slow) stage must be the conversion of the ketone into the enol 

H. C. Andersen and E. R. van Artsdalen, J, Chem. Phys, 1944, 12, 479. 

G. B. Kistiakowsky and E. R. van Artsdalen, ib. 469. 

W. Meidinger, Z, physikal. Chem. 1929, B 5, 29. 

F. E. Matthews, J.C.S. 1898, 73, 243. 

A. Seyewetz and M. Biot, C.R, 1902, 135, 1120; A. Seyewctz and P. Trawitz, 
ib. 136, 240. 

A. Lapworth, J.C.S. 1904, 85, 30. 

H. M. Dawson and M. S. Leslie, ib. 1909, 95; 1860. For further work by 
Dawson and his collaborators on this subject see J.G,S, from 1910 onwards. 
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CH 3 C( 0 H)=CH 2 , which being unsaturated should readily (as other enols 
are known to do) add on the halogen: enoUzation is often catalysed by 
hydrogen ion. The product will then add a molecule of the halogen to the 
double C=C link, and the resulting dihalide of the enol will lose hydrogen 
halide to give the halogeno-ketone, these last two reactions being rapid: 


CH,.C 




O 


^CH, 


^ OH 3 . 

(I) 


OH 

^CH, 


(slow) 


/OH 

CH3.C/ + Br^ 

VH 3 


/OH 

CHg-C^Br 

\CHi.Br 

( 11 ) 


CH,. 


+ HBr (quick) 

\CH2Br 


Thus the halogenation of acetone is not the direct substitution that it 
seems to be, but involves the addition of the halogen molecule to a double 
link. 

A somewhat similar mechanism will explain the peculiar phenomena 
observed in the bromination of a fatty acid like acetic. 


B. (6) Repldcement of Hydroxyl 

Together with the replacement of hydrogen, this is the most important 
method of making the halides in the aliphatic series. It is effected by the 
action either of the hydrogen halide, or of a halide of phosphorus, or of 
thionyl chloride. The behaviour of these reagents is different according 
as the hydroxyl to be replaced is alcohoHc or acidic. The hydrogen halides 
can only be used for the alcohols; their reaction even with them is rather 
unexpectedly slow as compared with the rate of esterification by oxy-acids 
(see further IV. 527, and ref. and involves heating the reagents 
together (usually under pressure) for a considerable time; the formation is 
also incomplete, since the reaction is reversible, unless the products are 
removed. Phosphorus halides, on the other hand, (chloride, bromide, 
iodide) react with alcohols immediately and completely. They do the same 
also with acids, giving the acyl halides, such as acetyl chloride CH 3 • CO • Cl, 
which cannot be prepared by the use of hydrogen halides, since the equi¬ 
librium is too far over on the side of the acid. 

Phenolic hydroxyl cannot be satisfactorily replaced by the use of phos¬ 
phorus halides, because the reaction gives mainly the phosphorous or phos¬ 
phoric esters, the halogen attaching itself rather to the hydrogen than to 
the aryl radical; a better yield of the aryl halide is got from the nitro- 
phenols. Aromatic halides are therefore iisually made either by direct 
halogenation in presence of a catalyst, or through the diazo-reaction. 

J. Volhard, Ann. 1887, 242, 141. 

H. B. Watson, J.C.S. 1926, 127, 2067; Chem. Rev. 1930, 7, 173; Mod. Theories, 

p. 119. 

H. B. Watson and E. H. Roberts, J.C.S. 1928, 2779. 

C. N. Hiiishelwood, ib. 1935, 599. 
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The oxygen atom of a ketone can of course be replaced by two halogen 
atoms by treatment with the phosphorus pentahalide. This reaction is, 
however, liable^’^^ to a variety of comphcations, due partly to the tendency 
of many ketones to react in the enolic form, and partly to the breaking up 
of the pentahalide into the trihalide and free halogen, each of which has its 
own specific reactions. 

B. (c) Replacement of NHg 

This is confined to compounds in which the NH 2 is attached to an 
aromatic ring, and always goes through the diazo-compound. It proceeds 
with all four halogens. With iodine it goes directly without the use of a 
catalyst; potassium iodide is added to the diazo-solution, and the dia- 
zonium iodide which is formed decomposes either spontaneously or on 
warming to give the aryl iodide: 

Ar.NHg -> Ar.N 2 [I] -^ Ar-T + Ng. 

With the other halogens a catalyst must be used; for fluorination, as we 
have seen, the diazopiperidide ArNo-NHOsHio can be made and broken 
up by concentrated HF, or still better the borofluoride can be decomposed 
by heat: 

Ar.N^LBFJ = Ar.F + + BF,. 

With chlorine or bromine the reaction can be carried out by 8andmeyer’s 
method with cuprous hahde or by the similar Gattermann method, using 
(in presence of the hydrogen halide) copper powder. 

Physical Properties of the Organic Chlorides^ Bromides^ 

and Iodides 

These halides, like the fluorides, are typical covalent non-associated 
compounds. Their boiling-points (see Table of boiling- and melting-points 
on next page) rise with the atomic weight of the halogen; according to 
Klemm^"^^ the average differences between the boiling-points are: 

RH—RF RF—RCl RCl—RBr RBr—RI 

ca. 0° -50° -20° ca.—30° 

Among the dihalides the relative positions of the two halogen atoms has a 
considerable influence on the boiling-point; thus the ethylidene dihalides 
always have lower boiling-points than their ethylene isomers, the differences 
being (see table) —Fg 34*7°, —Cla 26-4°, Brg 22-5°. 

From the examination of the freezing-point curves of the binary systems, 
Klemm concludes that their mutual solubility is in the order 

R‘H > R F > R Cl > R Br > R-I 

but that the gap between R • F and R • Cl is much greater than that between 
R • Cl and R • Br, or R • Br and R • I, and is about as large as that between 

572 w. Taylor, J,C.S. 1937, 304. 

L. Klemm, W. Klemm, and G. Schiemann, Z, Chem, 1933, 165, 379, 
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the fluoride and the parent hydrocarbon.®’^^ The percentage mutual 
solubilities of ethylene dibromide and water have been found to be®*^® 
C 2 H 4 Br 2 in water 0*25/0°, 0*78/75°; water in C 2 H 4 Br 2 0*35/0°, 1*86/75°. 


Boiling- \and melting-^ points of Organic Halides 


X - 

F 

Cl 

Br 

I 

CHgX 

-- 78*5° 

- 24-2° 

4- 4-5° 

42-5° 

C^H^X 

[ 141-8'^] 

~ 37-7° 

[— 97-7°] 

+ 131° 

38-4° 

[- 66-5°] 
72-3° 


[-143-2^^1 

[~ 138-7°] 

[ 119° ] 

[-110-9°] 

n-CgH^X 

- 2-5*^ 

46° 

70-5° 

101-9° 


[-159° ] 

[-122-8°] 

[-199-9°] 

[-101-4°] 

O.H,X 

86-5° 

132-0° 

156-2° 

188-6° 

[- 41° ] 

[- 45 ° ] 

[- 30-6°] 

[- 31° ] 

CH 2 X 2 

- 51-6° 

-f 41-6° 

4- 98° 

169° 

CH 3 CHX 2 

- 24-7° 

[- 96-7°] 

4- 57-3° 

109° 

178° 

CHaX-CHjX 

CHX 3 

+ 10-0 

- 82-2° 

[- 96-7°] 
83-7° 

[~ 35-5°] 

+ 61-3° 

131-5° 

[4 10 - 0 °] 
147° 

[ 81-2°] 
(extrap. 218°) 

CX 4 

-128° 
[-184° ] 

[- 63-5°] 
76-6° 

[- 23° ] 

[+ 7-5°] 

190° 

[-f 93-7°] 

[ 121 ° ] 

[ 171° ] 


Electron diffraction measurements show®"^® that in chloro- and l,l“di~ 
chloro-cyclopropane the C—Cl link forms an angle of 56±2° vtdth the 
plane of the ring; the distances are normal. 

The well-known effect of the halogens in raising the dissociation con¬ 
stants of organic acids is shown by the following figures®’^^; the first two 
sets are the classical (Ostwald) values; the last (benzoic acids) are the 
thermodynamic, which, however, are only a few per cent, smaller than the 
classical. 

Values of K {class,) x 10® 

X H F Cl Br I 

X-CHj-COOH 1-82 217 155 138 75 

Effect of distance along the chain: 10 ®iC (class.) for Cl.(CH 2 )^COOH: 

n = 1 2 3 4 [No a.] 

10®X 155 8*5 m. 3 0 ca, 2 0 [1-8] 

Much the same is true of the halogen ions. H. G. Grimm has shown (see 
Geiger-Scheel, Handbuch, Bd. xxiv (1927), p. 58) that among the salt halides the 
chloride and bromide always give a continuous series of solid solutions, the bromide 
and iodide nearly always, but the fluoride and the chloride very seldom. 

M, E. Schostakovski and I. G. Drushinin, J. Gen, Chem, Russ. 1942, 12, 42. 

J. M. O’Gorman and V. Schomaker, J.A.C.S. 1946, 68 , 1138. 

Quoted from Watson, Modern Theories, pp. 36, 207. 
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Substituted benzoic acids: iTx 10^ thermodyn. 



H 

F 

1 Cl 

Br 

I 

Ortho 

6-27 

54-1 

114-0 

140-0 

137-1 

Meta 

6-27 

13-65 

14-8 

16-4 

14-1 

Para 

6-27 

7-22 

10-5 

10-7 



Dipole Moments 

The dipole moments of the C—^hal hnks have an obvious bearing on such 
questions as back co-ordination and reactivity. If we confine ourselves to 
the monohalogen derivatives of the hydrocarbons we can be sure that the 
moment of the molecule is very nearly that of the C—hal link it contains. 
The following are some values. 


Dipole Moments (values in D = 10“^® E.S.U.) 



F 

Cl 

Br 

I 

CH, . . . 

1-82 

1-87 

1-80 

1-64 

. . . j 


2-06 

2-01 

1-87 



2-10 

2-13 

2-01 

Tl - G4HJ . . 


2-11 

2-15 

2-08 

C.Ha . 

1*67 

1-60 

1-52 

1-34 


1-42 

1-60 

1-48 

1-43 


1-49 

1-67 

1-69 

1-56 


1,2,3-trichlorobenzene 2*31: pentachlorobenzene 


Radioactive Exchange in Organic Halides 

The conditions of exchange of halogen atoms with free halogens, with 
halogen ions, and with inorganic halides have been examined by the use 
of radioactive isotopes. The reaction between alkyl bromides and free 
bromine,or alkyl iodides and iodide ion,^®^ is bimolecular, with a heat 
of activation of about 20 k.cals. The rate is much greater in anhydrous 
than in aqueous acetone,®’® and increases with the size of the alkyl.®®^ 
See further references 

With aluminium bromide the exchanges are much quicker, the heat of 
activation being about 11 k.cals.,®®®"’ and alkyl bromides react much more 
rapidly than aryl; SnBr 4 and SbBrg (which have complete octets) exchange 
much more slowly than aluminium bromide. 

J. A. A. Ketelaar, Rec, Trav. 1940, 59, 767. 

L. J. Le Rovix and S. Sugden, J,C.S. 1939, 1279. 

G. A. Elliott and S. Sugden, ib. 1836. 

H. A. McKay, J.A.C.8. 1943, 65, 702. 

6S3 W. Koskoski, H. Thorns, and R. D. Fowler, ib. 1941, 63, 2451. 

L. C. Bateman and E. D. Hughes, J.C.S. 1937, 1187. 

F. Juliusburger, B. Topley, and J. Weiss, J. Chem. Pkys. 1936, 3, 437. 

*^8*^ D. E. Hull, C. H. Shiflett, and S. C. Lind, J.A.C,S. 1936, 58, 635, 1822. 

N. Breshneva, S. Roginski, and A. Schilinski, J. Phya.-Chem. Btwa. 1937, 9 , 
762; 10, 367. 

G. B. Kistiakowsky and J. R. van Wazcr, J.A.C.S. 1943, 65, 1829. 
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Chemical Properties 

In their general chemical activity the organic halides may be divided 
into three classes, which, in the order of increasing reactivity, are: 

1 . Aryl haUdes, and vinyl compounds, with the group C=C—hal. 

2 . Alkyl hahdes. 

3. Acyl halides. 

1 . The simple aryl haUdes can scarcely be made to lose their halogen 
to anything less active than sodium. The presence, however, of negative 
groups like a halogen atom or NO 2 in the ortho or para (but not meta) 
position makes the halogen more mobile, until finally with three nitro- 
groups in the ortho and para positions we get picryl chloride, which 
behaves hke an acyl chloride, and loses its chlorine to water, giving picric 
acid, and to ammonia, giving picramide. 


Cl 



NO2 

The very similar stability of compounds Uke the vinyl halides 

CH 2 -CH.hal, 

in which the halogen is again joined to a doubly linked carbon, is clearly 
due to the same cause as the stabihty of the aryl halides. This strengthen* 
ing of the link of halogen to carbon must be a result of resonance between 
the ordinary structure and one with a double link from the halogen to the 
carbon C±zhal. For this view, as we have seen, there is evidence of very 
various kinds, such as the interatomic distances in the hahdes of the fourth- 
group elements (IV. 606), the dipole moments or the aryl hahdes quoted 
above, and the force constants of such compounds as tetrachloroethylene. 

2 . Alkyl Halides. Here the removal of the halogen is much easier. It 
can lead to {a) the formation of free alkyls, usuaUy dimerizing to R R; 
(6) the loss of HX (giving C=C); (c) the replacement by other halogens 
(as in R Cl+KI-^R-I); or (d) combination with amines to R^NX; or 
replacement by hydrolysis, usually (e) to give R • OH+HX, but sometimes 
(/)R.H+HOX. 

The removal of halogen (a, b) can be effected thermaUy, photochemicaUy, 
or by the action of alkali metals (as in the Wurtz-Fittig synthesis). The 
thermal reaction goes, for example, with ethyl bromide at 395.^^^ It is of 
the first order and probably begins with simple dissociation into alkyl+ 
halogen atoms; the ultimate product is mainly ethylene and hydrogen 
bromide, with some butane. PhotochemicaUy the alkyl iodides are broken 

688 Fairbrother, J.C.S. 1941, 293. 

P. Fugassi and F. Daniels, J.A.C.S. 1938, 60, 771. 
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up by radiation of wave-length from 2,500 to 2,000 A,®®® in the same way 
as by heat (to alkyls and halogens), as the spectrum shows; the ultimate 
products are paraffins and olefines. 

The action of alkali metals was investigated by Polyani et who 

allowed a very dilute stream of sodium vapour to diffuse into the vapour 
of the halide, and measured the rate at which the sodium disappeared 
by means of its absorption spectrum; they could thus determine the 
number of collisions needed to decompose one organic molecule; this was 
for the various halides: 


10« 

1 

10* 

50 

1 

CHgF ! 

CH3C1 

CHsBr 

CH 3 I 


CjHsC'l 

CjHsBr 

CjHjI 


Celled 

C.H^Br 

C,H 3 l 


The results show the expected difference between the different halogens, 
but none between the alkyl and the aryl halides (contrast this with the 
action of AlBrg).®®® This is in accordance with the view given above 
(p. 1187) that the stability of the aryl halides in general is due to back 
co-ordination (to ^C±rX); the jiositive charge on the carbon will thus be 
less than in the alkyls, as the dipole moments (alkyl halide ca. 2*0, aryl 
halide ca. 1*5) indicate. This change will make the saponification, i.e. the 
attack by a negative hydroxyl ions, more difficult, but not the attack by a 
neutral sodium atom in Polanyi’s experiments. 

The relative rates of exchange of lialogens when potassium iodide acts 
on the chlorides <!> •(>-- Cl acetone solution has been found^®*^ 

to be: 

n 0 1 2 3 

Rate 0 782 0-48 1-9 

and also (on a different unit of rate) for 

<t) • CH=CH. CH2CI CH 2 =(T 1 • OHgCl CH3 • CH2 • CHg • CHgCl 

1370 78 1 

Reactions with amines. Menschutkin^^^ determined the influence of sol¬ 
vents on the rate of the reaction 

EtI + NEta - [NEtJI 

He found the slowest rate (4*92 moles./sec./litre at 100°) in hexane, and the 
fastest (6*93 X 10^ in the same units: 1,400 times as fast) in benzyl alcohol. 
More recently Tronov®^^ has shown that in their reactions with pyridine 
and piperidine, the rates of the halides are in the order Cl > Br > I. 

690 West and L. Schleasinger, J,A,C.S, 1938, 60, 961. 

See M. Polyani, Atomic ReactionSf 1932, p. 64. 

M. J. Murray, J.A.C,S, ^938, 60, 2662. 

B. Menschutkin, Z, physikal, Chem, 1890, 6, 41. 

B. V. Tronov, J. Rms. Chem. Fhya, Soc, 1926, 58, 1278. 
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Organic Halides: Hydrolysis 

A phenyl group or a double link, if it is next to the halogen, greatly slows 
down the rate, but if it is farther off it increases it. Negative groups such 
as carboxyl and still more nitro-groups increase the rate. 

Hydrolysis by Alkalies to Alcohols: R-X+MOH = R OH+MX. The 
halogens stand in the same order for this reaction too, but there is a 
marked distinction between their behaviour with a hydroxyl ion and with 
an organic base.^^^"^ With the hydroxyl ion the rate is very nearly that 
calculated from the heat of activation and the collision frequency—the 
‘temperaturedndependent factor’ is nearly 1 —^while with bases it is much 
smaller. 

With any given type of alkyl halide the change from methyl to ethyl, 
and from ethyl to propyl and beyond increases the rate of hydrolysis^®®; 
there is a much greater increase as we pass from a primary to a secondary, 
and still more to a tertiary halide; thus tertiary butyl halides are extremely 
reactive,^®® and triphenyl-methyl chloride is hydrolysed even by alcohol. 
The rate of hydrolysis with some of these compounds is independent of 
the concentration of the alkaU: this is so with benzyl chloride and 
benzotrichloride,®®® with <I> 2 CHC 1 ,®®^ with isopropyl and tertiary butyl 
chloride in 60 per cent, aqueous acetone,and in formic acid.®®^ This 
indicates that the slow reaction which is measured is one in which the 
alkali plays no part, and it might be either a slow ionization of the haUde 
(R-Cl->R^-|-Cr) or a slow reaction of the halide with the solvent. 
Ingold and Hughes®®^"^ adopt the first view, to which, however, it may be 
objected that we have no direct evidence that ionization (apart from 
tautomeric change) can ever be slow, Taylor^®®'®®^ takes the second view, 
and he has shown®®^ that in the hydrolysis of tertiary butyl chloride in 
formic acid the reaction that is measured is actually the formation of 
tertiary butyl formate, which he has isolated. He assumes that a similar 
slow reaction occurs with water. 

Hydrolysis to Hydride and Hypohalous Acid, R • X == R • H+HOX. This 
alternative form of hydrolysis, which occurs as we have seen with nitrogen 
halides and other compounds with halogen attached to trivalent nitro¬ 
gen,such as CH 3 .CO NOCI and O SOgNHCl, and with chlorine 
monoxide CI 2 O, is also found with halogens attached to carbon atoms when 
these latter also carry certain other negative groups. Carbon tetrachloride 

A. E. Moelwyn-Hughes, Proc, Roy, Soc. 1938, 164, 296. 

G. H. Grant and C. N. Hinshelwood, J.G.S, 1933, 258, 1361. 

C. N. Hinshelwood and A. R. Legard, ib. 1935, 587. 

J. A. Mitchell, ib. 1937, 1792. W. Taylor, ib. 1938, 840. 

S. C. J. Olivier and A. P. Weber, Eec, Trav. 1934, 53, 869. 

A. M. Ward, J,C.S, 1927, 2285. 

««= E. D. Hughes and C. K. Ingold, ib. 1936, 244. 

E. D. Hughes, Trans, Far, Soc, 1937, 34, 176. 

L, C. Bateman and E. D. Hughes, J.C.S, 1937, 1187; see also Hughes et al., ib. 
1177, 1183. 

W. Taylor, ib. 1852. F. D. Chattaway, ib. 1905# 87, 1881. 

E. Schmidt, W. v. Knilling, and A. Ascherl, Ber, 1926, 59, 1279. 
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will not give this reaction, perhaps because the atoms are less crowded, 
but the tetrabromide is converted into bromoform by alkalies, and the 
tetraiodide into iodoform even by water.*®® 

More effective groups (see ref. ®®®) are those containing double Hnks, 
especially (in order of increasing efficiency) C—C, —CO OAlk, C=0, and 
NOg, as in the compounds tribromophenol bromide (I), dibromomalonic 
ester (II), dibromodiketohydrinone (III), and brornonitroform (IV): 


Br H 

\c==cx 

Br H 

(I) 


A-co\ 


CO 

(III) 


/€Br 


yCO-OEt 
OEt 

( 11 ) 


Br^C. 

\co. 



An important condition is that the hydrogen which replaces the halogen 
should be acidic and capable of tautomeric (e.g. keto-enolic) change. 

Many of these halides will react directly with unsaturated compounds 
in water, alcohols, or acids, to add to C—C the groups R O and halogen, 
where R = hydrogen, alkyl, or acyl. See later, pp. 1221 sqq. 

Other acidic groups are capable of a similar hydrolysis if they replace 
the halogens in these compounds ; thus tetranitromethane when treated 
with alkali gives nitroform H C(N 02)8 and a nitrate, and cyano-trinitro- 
methane (N 02)3 C CN gives nitroform H C(N 02)3 together with cyanic 
acid or its derivatives. 


^0 


3. Acyl Halides R—Cf These hydrolyse to the free acid+halogen 

\hal. 

hydride with the greatest ease, the ahphatic more easily than the aromatic, 
probably because they are more soluble in water. For their thermal 
decomposition (mostly at 100-400®) see references 


PERHALIDES 

The perhalides or polyhaUdes, of which Csig is an example, are really 
complex halides with a halogen as the central atom of the anion. They have 
long been known; crystalline salts of organic bases of this tj^pe have been 
made up to the ennea-iodide M[Io]. In aqueous solution we have definite 

E. Schmidt, W. v. Knilling, and A. Ascherl, Ber, 1926, 59, 1876. 

J. U. Nef, Ann, 1899, 308, 329. 

J. H. Simone, T. K. Sloat, and A. C. Meimier, JA,C,S, 1939, 61, 435. 

J. L. Jones, ib. 3284. 
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evidence a series of ions of the type [halg]", and probably [halg]”; 
there are indications of still more complex ions such as [ 17 ]“ and 

The compounds may be divided into ( 1 ) salts of HXg, the largest and 
best-known class; ( 2 ) similar compounds MX 5 , MX 7 , and MX®; (3) certain 
mixed types, like CSI 4 , which is dimeric and presumably Cs 2 [l 3 *l 5 ]; (4) a 
peculiar group of salts M[ICl 4 ], whose properties indicate a different kind 
of structure from ( 1 ) and ( 2 ); to this group the salts M[ICl 3 F] probably 
belong. 

1 . With the M[X 3 ] salts Werner pointed out®^® that the stability of the 
complex depends essentially on the heaviest halogen atom it contains ; 
thus, compounds containing at least one iodine atom are much more stable 
than those without it, and while there are many salts MIClg, and quite a 
number MBrClg, there are scarcely any MCI 3 . This, as he said, is to be 
expected if the ion has the structure [B—A—C]“, in which A is performing 
a different function from B and C, and if for some reason the power of 
performing it increases with the atomic weight. 

Modem work fuDy confirms this. X-ray examination shows that the 
B—^A—C anion is linear, with the heaviest halogen atom in the middle 
(e.g. Cs[Cl——Cl]), and clearly the two outside atoms (B, C) are in the 
1 -covalent state which is usual for a halogen, with the valency group 6 , 2 ; 
while the central atom A, on the other hand, has a valency group of 
10 (7-f 24-1) electrons, of which 4 are shared, giving 2,4,4, i.e. it has an 
inert pair. Hence, while any halogen atom might occupy a B or C position 
(the behaviour of fluorine is discussed later) only those halogens can act as 
central atoms which can have two of their electrons inert. This is not 
possible with fluorine at all, so far as we know; it is very rare witK 
chlorine, though it does occur as in ClFg; it is more stable with bromine and 
much more stable with iodine. Hence the heaviest atom, since it assumes 
the inert pair state most readily, will always be the central atom. Isomer¬ 
ism should thus be impossible in these trihalide anions, and this agrees 
with experiment: supposed cases of isomerism®^® have been proved 
erroneous.®^® 

X-ray evidence that the ion is linear, with the heaviest atom in the 
middle, and the inter-halogen distances those to be expected for ordinary 
single links, has been obtained for Cslg, KI3, CsIBrg, and CsIClg®^’; in 
more detail for CsIClg by Wyckoff®!® and by HasseF®; for 
NH 4 [CM.Br],®“ CsP-I Br],®®® and NMe 4 [ICy.®®^ 

R. W. Dodson and R. D. Fowler (J.A.C,S, 1939, 61, 1216), using radioactive 
hcJogens, have shown that Br"” ions 4 Br 3 , and also 1“ ions 4Ii» exchange in water 
at room temperature. 

•18 H. M. Dawson, J.C,S. 1908, 93, 1308, 

Neuere Anachauungen, ed. 3, 1913, p. 110. 

F. Ephraim, Ber. 1917, 50, 1082. 

H, W. Cremer and D. R. Duncan, J.C,S. 1931, 1867; ib. 1933, 181; see also 
C. L. Jackson and I. H. Derby, Amer. Chem, J, 1900, 24, 30. 

G. L. Clark and W. Duane, Proc- Nat. Acad. Wash. 1923, 9, 117; Phya. Rev. 
1923, ii. 21, 380. 

5U4.a „ 
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Group VII. Perhalides 

Composition and Stability of Trihalide Ions 
F 3 ions are impossible, since fluorine cannot expand its octet and act as 
a central atom. But though there is no apparent reason why fluorine 
should not act as one of the outer atoms, it very seldom does so. CsIBrF 
has been described,made by the action of IBr on dry CsF; it does not 
appear to have been analysed, but its properties, and the concentration 
of IBr which it gives to carbon tetrachloride, seem probable. Otherwise 
the only fluorine trihalides known are a series of salts of H[ICl 3 F], but 
these probably have structures analogous to that of M[IC1J, and are 
described along with the latter (p. 1198). 

The other trihalide ions are of the types [ClBg], [BrBg], and [IBg], where 
B is a halogen atom not heavier than the central atom. 

The first, therefore, can only be [Cl 3]. Of this two salts have been described 
(made by treating the simple chlorides with chlorine), the trimethyl sul- 
phonium salt Me 3 S[Cl 3 ], which, however, seems doubtful,®^® and the tetra- 
methyl ammonium salt Me4N[Cl3],®27 which loses chlorine rapidly in air. 
Solids of this type are evidently very unstable. The existence of the 
[CI3] ion in solution has, however, been established® 2 ® from the effect of 
hydrogen chloride on the solubility of chlorine in water, the effect of the 
hydrogen ion being eliminated by experiments with sulphuric acid. The 
value found for the dissociation constant 

K ~ [^^ 3 ] 

^ [crj.pj 

was 0*01 at 25°. For an estimate of the rate of formation of [CI 3 ] ions 
(> 4 X 10^ in litres, moles, minutes) see reference ®2®. 

All the trihahde ions that can be formed by chlorine, bromine, and 
iodine have been shown to be formed, not only in the solid state but also 
in solution: the evidence is based on the freezing-points, conductivity, 
solubihty of the halogen, partition with non-ionizing liquids, etc. The 
free acids must exist in solution, and are shown to be strong electrolytes, 
though they have never been isolated.®®® It was shown®®i that halogens 
will never combine with hydrogen halide in the gaseous state to give the 

R. W. G. Wyckoff, J.A,C.S, 1920, 42, 1100. 

O. Hassel, TidsJcr. Kfmi Bergveseny 1931, 11, 92. 

R. C. L. Mooney, Z. KriaU 1935, 90, 143. 

Id. Phya. Rev, 1938, ii. 53, 851, jd., ib. 1935, ii. 47, 807. 

«28 R. c. L. Mooney, Z, KriaL 1938, 98, 324. Id., ib. 1939, 100, 619. 

H. W. Cremer and D. R. Duncan, J.C,S, 1931, 2249. 

L. Dobbin and O. Masson, J,C.S, 1886, 47, 67. 

F. D. Chattaway and G. Hoyle, ib. 1923, 123, 664, 

«« M. S. Sherrill and E. F. Izard, J,A,C.S, 1931, 53, 1667. 

R. S. Halford, J,A,C,8, 1940, 62, 3233. 

H. W. Cremer i^d D. R. Duncan (J,C,S, 1931, 1867) obtained from IBr+con- 
e^ntrated HBr a dark-red viscous liquid of composition HIBrj, 1*02 HjO (6 per cent, 
water); and from ICl-f concentrated HCl a dark-brown liquid of composition 
HlCIg, 2*76 HjO; neither would freeze in ice and salt. 

M. Trautz and F. A. Henglein, Z. afwrg. Ckem, 1920, 110, 279. 
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perhalide acid, any more than SiF 4 will with HF, owing to there being no 
water to hydrate the hydrogen ion. 

By various methods (see refs. above) the stability of most of these 
ions (all except Br Cl 2 ) in water has been measured. The value,s of 

[AB2] 

[A"].[B2] 

at or near 25° are given in the table: for convenience the linking atom of 
the complex is given first. 


Ion 

K 

Ref- 

Ion 

K 

Rtf. 

CbCljj 

0*01 

628 

I.ICl 

2*10 

637 

Br • Brj 

17*8 

635, 639 

IBr^ 

370 

632 

Br.BrCl 

1*39 

636 

I-BrCl 

43*5 

632 

II* 

IIBr 

725 

11*9 

633-4 

637 

ICI 2 

167 

632 


From these figures the great importance of the central atom is obvious. 
The geometrical means of the constants for the ions of which the heaviest 
atom is chlorine, bromine, and iodine are 0 * 01 , 4-97, and 60*7. For the 
three pure trihalides the differences of the relative values are even greater: 
the ratios for CI 3 :BrJ:I 3 are 1:1,780:72,500. 

In each class the stability seems to be greater ( 1 ) the nearer the terminal 
atoms are in mass to the central atom, and ( 2 ) the nearer they are to one 
another. Thus we have: 


(1) 

II2 

725; I Bi-a 

370; I- 

Cljj 167. 


(2) 

<: 

< 

< 


/Br 

Br( 

\Br 

K = 

= 725 

11.9 

2*1 

43-5 

17-8 



1*39 


J. H. Faull, J,A,C.S, 1934, 56, 522. A variety of methods were used, mainly 
partition with CCI4. 

Grirmell Jones and B. B. Kaplan, ib. 1928, 50, 1854. Mainly by E.M.F., and 
by partition with pure water through air (Grinnell Jones’s ‘equilibrator’); they find 
715 at 25° and 1,390 at 0°. Gmelin, lod, p. 426, quotes 7 values of K for at 25°, 
of which the mean gives K — 725, which is accepted in the table. 

J. S. Carter, J,C,S, 1928, 2227. 

G. Jones and M. L. Hartmann, Tram. Amer. Electrochem. Soc. 1917, 30, 323. 
Similar methods; they find 19-6. P. Job {C.R. 1926, 182, 633; Ann. Chim. 1928, [10] 
9, 146), from measurements of the absorption of light, got 28*6. 

Mean of the fairly concordant results of A. Jakowkin, Chem. 1896, 

20, 30; E. A. Dancaster, J.C.S. 1924, 125, 2039; P. Ray and P. V. Sarkar, ib. 1922, 
121, 1453. 

A. V. Kiss and A. Urmanczy, Z. anorg. Chem. 1931, 202, 189. 

*38 Value got at 20° by C. Winther, Z. physikal. Chem. 1929, B 3, 303. 

R. O. Griffith, A. McKeown, and A. G. Winn, Trans. Far. Soc. 1932, 28, 101. 
This value of 17*8 is a mean; the constant is to some extent affected by the ionic 
strength of the solution. They quote and discuss previous workers’ results. 
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Group VII. Perhalides 

The stability of the solid salts, and their ease of separation, are largely 
influenced by the nature, and especially the size, as they are fully 
ionized,®^® of the cation. 

The anions being linear with the B—B distance from 1*98(C18 )to 2*66(18) 
and hence the length (about 1 atomic diameter more) from 3*8 to 4*8 A.U., 
the lattice is naturally more stable with large (e.g. organic) cations than 
with the alkalies, whose ionic diameters are from 1*2 to 2*6 A.U. The 
perhalides of organic bases are especially numerous. The first perhalide 
discovered (1819) was strychnine tri-iodide.Others are known of quino¬ 
line and isoquinoline®^^; of secondary, tertiary, and quaternary ammonium 
bases®27; and of the diazonium bases.®^® In addition to the nitrogenous 
bases phosphonium, arsonium, stibonium, sulphonium, and even iodo- 
nium®^^ hydroxides form perhalides, the order of stability being 

N>P>As>Sb>S. 

As we saw, one of the two known trichlorides is that of dimethyl sul¬ 
phonium, and the other that of tetraethyl ammonium. 

The inorganic perhalides are relatively few, and are almost, though not 
quite, confined to the alkali metals (the largest monatomic cations), and 
to the heaviest and largest among these. Those without iodine (i.e. with a 
central atom of bromine) are confined to rubidium and caesium, of which 
the salts MBrg, MBrgCl, and MBrCljj are known. 

The tri-iodides, though they are more stable, are scarcely formed by 
anything but the largest alkaline ions. Lithium forms no tri-iodide,®®® 
nor does sodium, though Nal 4 , 2 H 2 O is known®^® (see later). KI3, usually 
regarded as the typical trihalide, is formed at 15°,®^® but at 25° only the 
hydrated forms (KI 3 , HgO, and 2 HgO a and ^), 047 - 8 * which break up at 
70° into Kl-f (For the hydration of KlBpg see ref. ®®®) On the 
other hand, rubidium ,®®^“2 caesium,®®® and ammonium®®^ readily form 
anhydrous tri-iodides. 

♦ The water no doubt makes the cation up to the necessary size. 

A. A. Jakowkin, Z. phyaikal. Chem. 1896, 20, 34; H. M. Dawson, J.C.S. 1901, 
79, 238; M. Le Blanc and A. A. Noyes, Z. physikal. Chem, 1890, 6, 401. 

B. Pelletier and J. B. (Javentou, Ann. Chim. Phyt*. 1819, [2] 10 , 164. 

K. Gleu and W. Jagernaim, J. prakt. Chem. 1936, [2] 145, 257. 

A. Hantzsch, Her. 1895, 28, 2754. 

M. O. Forster and .1. H. Schaeppi, J,C.S. 1912, 101 , 382. 

G. H. Cheeseman, D. R. Duncan, and I. W. H. Harris, J.C.S. 1940, 837. 

M. Aum^ras and A. Ricci, Bull. Soc. Chim. 1939, [5] 6, 849. 

T. R. Briggs, K. D. G. Clack, K. H. Ballard, and W. A. Sassaman, J. Phya. 
Chem. 1940, 44, 350. 

N. S. Grace, J.C.S. 1931, 594. 

T. R. Briggs and W. F. Geigle, J. Phya. Chem. 1930, 34, 2250. 

G. H. Cheeseman and J. H. Martin, J.G S. 1932, 586. 

T. R. Briggs, G. C. Conrad, C. C. Gregg, and W. H. Reed, J. Phya. Chem. 1941, 
45, 614. 

rj. Briggs and E. S. Patterson, ib. 1932, 36, 2621. 

•*5 T. R. Briggs and S. S. Hubard, ib. 1941, 45, 806. 

T. R. Briggs, K. H. Ballard, F. R. Alrioh, and J. P. Wikawo, ib. 1940, 44, 326. 
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Trihalides^ Stability 

The relative stability of the solid perhalides has been determined from 
their dissociation pressures, and from the concentration of the halogen 
(pure or mixed) dissolved out from the solid salt by such a solvent as 
carbon tetrachloride. The stability must depend on the formation con¬ 
stant K of the perhalide ion, the lattice energy of the crj^stal, and the 
volatility of the halogen that is split off. 

In the decomposition the halogen atom which remains as an ion 
attached to the cation is always without exception the lightest in the mole¬ 
cule (and hence never, except with the pure perhalides, that which was 
the central atom). This must, therefore, be the reaction which absorbs the 
least energy. Now the heats of formation of the pure and mixed halogens 
(see above, p. 1147) do not differ much, but the lattice energy of the simple 
halide which remains will obviously be greater (since it depends on the 
electrostatic attraction) the smaller the halogen ion, as the boiling-points 
of the simple alkaline halides show. 

The dissociation pressures were measured by Ephraim,®^® who found the 
temperatures at which those of the various rubidium and caesium salts 
reached 1 atm. He showed that if this temperature on the absolute scale 
is divided by the square root of the atomic volume of the alkah metal,* 
the result (T/Vi?), or (which follows from this) is practically the 

same for the Rb and Cs salts of any particular trihalide ion. 

In the following table is the temperature in ‘^C., and T the absolute 
temperature at which the dissociation pressure is 1 atm. 


Temperatures of 1 atm, dissociation of Perhalides 


Salt 

^7eo 

THv. 

Halogen 

lost 

Csl, 

250° C. 

62-5 

I* 

Rbla 

192° 

62-2 

I 2 

CsBrj 

147-5° 

50-2 

Bfj 

RbBra 

105-5° 

50-6 

Br^ 

CsIgBr 

201-5° 

56-7 

IBr 

CsIBra 

242-5° 

61-8 i 

IBr 

RbIBra 

186-5° 

61-5 

IBr 

CsICla 

209° 

57-6 

ICl 

RblCla 

151° 

56-8 

ICl 

[MlgCl: neither of these salts can be 

made.] 

CsBrjCl 

124° 

47-4 

Bra 

RbBraCl 

81° 

47-7 

Bra 

CsBrCla 

138° 

49-1 

BrCl 

RbBrCla 

93° 

49-0 

BrCl 


The relative stabilities of the different perhalide ions are given by the 

* The value he uses for caesium is 70-7. 

R. Abegg and A. Hamburger, Z, anorg, Chem. 1906, 50, 414. [No Lilj seems 
to have been found since.] 

F. Ephraim, Ber, 1917, 50, 1060. 
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ratios of their T temperatures. The rubidium and caesium salts give very 
similar results; the mean values are: 


Salt 

Rel, stability 
Tgait/^MIg 

SaU 

Rel. stability 
Tgalt/TMI. 

Mla 

[1] 

MBr, 

0-81 

MIBra 

0-99 

MBraCl 

0-76 

MlCla 

0*92 

MBrCla 

0-79 

MI^Br 

0-90 




Though the relative differences are so much smaller, the results agree 
closely with those already given (p. 1193 ) for the stability of the ions in 
water. 

Cremer and Duncan®^’ measured the concentration of halogen produced 
in CCI4 on leaving it in contact with the solid salt; equilibrium is established 
in about a day, but actually they were left together for about a week. The 
following table gives the normality of the CCI4 solution at 25 °. 


Cation 

MBrg 

MI, 

MlaBr 

MIBra 

MIBrF 

MIBrCl 

MICl, 

K 



• * 

00473 


0-61 

0-029 

Rb 


0005» 


0-0010 


0-0108 

0-00035 

Cs 

00438 

0-00075 

0-0155 

0-00014 

0-01 

0-00035 

0-00006 

NH, 

., 

0-0120 


0-00842 


0-122 

0-0057 

NH,CH, 



.. 

1 0-00134 



., 

NH,(CH,), 

.. 


.. 

0-00004 



.. 

NH(CH,), 




0-0029 



.. 

N(CH,). 




0-00004 





The relative stability of the perhalide anions is much the same as we 
got before. That of the unique fluoride CsIBrF is interesting, and comes 
between those of MI • BrCl and MI • IBr. The order of stability of the cations 
is Na < K < NH4 < Rb < Cs, being that of the sizes; with the methyl- 
amines it is NMe4,NH2Me2 > NHgMe > NHMeg > NH4, increasing on 
the whole with the size of the ion, while symmetry seems to have as great 
an eflect with the cation as we found it to have with the anion. 

Inorganic perhalides other than those of the alkalies have very rarely 
been isolated in the solid state. Even from the alkaline earths they have 
not been obtained, presumably owing to their high solubihty; Rivett®^® 
has examined the system Balg—Ig—H2O at — 15 - 8 ° and +90°, and found 
over this range the solids Baig, HgO, 2 HgO and 1 HgO, but no solid 
periodides, although the solution obviously contains the ions of one, since 
when it is saturated with Baig and I2 at 90° it contains to 1 kg. water, 
8*6 moles ( 3*36 kg.) of Baig, and 43 moles (10-9 kg.) of iodine, corresponding 
to Ba[Ie]2- Another possible periodide is the compound TII3; this does not 
behave like a thallic compound, and has the colour and instability to 

€67 H. W. Cremer and D. R. Duncan, J.C,S. 1931, 2243. 

A. C. D. Rivett and J. Packer, ib. 1927, 1342. 

H. L. Wells and S. L. Penfield, Am, J. Sci, 1894, 47, 463 (Ber. 1894,27, R 494), 
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be expected of the thallous salt Tl[I-l2].®^® Biltz®®® has tried to prepare 
perhahdes by the addition of iodine or other halogens to stannic iodide, 
and to the tri-iodides of arsenic, antimony, and bismuth, but in vain. 

A remarkable characteristic of the perhalides is their strong tendency to 
solvation; the effect of hydration in stabilizing the perhalides of the lighter 
alkali metals has been pointed out (p. 1194 ). 

More peculiar are the solvates formed with some organic molecules, 
especially benzonitrile, nitrobenzene, and beij^ene itself; oxidizable 
addenda like alcohols cannot be used, as they reduce the perhalides. 
If a mixture of the simple iodide and iodine is recrystallized®®^ from 
benzonitrile (not, however, from acetonitrile or benzyl cyanide), solid 
solvation products may be obtained of the tri-iodides of Na, K, Li, and 
even hydrogen, with the compositions (and melting-points) which follow 
(N = CeH5.CN): HT 3 , 4 N( 97 °);Lil 3 , 4 N( 92 * 5 ");Nal 3 , 2 N( 67 °);Kl 3 , 2 N( 53 °). 

Dawson and his colleagues®®^'® find that in nitrobenzene, while potas¬ 
sium iodide is quite insoluble, and iodine only dissolves (at 20°) up to 
0*2 moles per litre, each shows a considerable solubility in presence of the 
other, that of the potassium iodide rising to 1 - 5 -normal, while the iodine 
can rise to 4 molecules of I2 to every KI; the results suggest that the lowest 
iodide that can exist in nitrobenzene solution is KI3, and the highest KI7, 
both of them no doubt solvated. These nitrobenzene solutions have 
a considerable electrical conductivity,®®^ about one-fifth of that of an 
aqueous solution of potassium iodide of the same normality, although the 
viscosity of nitrobenzene is almost exactly twice that of water (at 20°, 
nitx’obenzene 0 - 0198 , water 0-0101). The only salt which was isolated was, 
curiously, the sodium salt, Nals, 2 C6H5 -NO2, green deliquescent crystals, 
decomposed by organic solvents such as benzene. 

Other alkali metals, and ammonium and substituted ammoniums, can 
replace the potassium,®®® and nitroaryls and nitroallvyls the nitrobenzene.®®^ 

2. Higher halides MT5, MI7, and MI9 are known; they are less stable 
than the trihalides, and nearly all are iodides, though one or two bromides 
are known. (The types MICI4 and MICI3F are treated separately later.) 
They are formed by the alkalies from potassium onwards, and especially 
(up to —19) by the tetra-alkyl ammonium salts.® 2 ^'®’® In solution we have 
evidence of [17]"" and as well as [Brs]”®®®; the dissociation of the 

ions [Br5]~®®® and [T5] has been measured by the methods described 
above (p. 1193 ); the values got for 

K - —tlEJL. 

- [Brl-M 

W. Biltz and K. Jeep, Z, anorg, Chem, 1927, 162, 46. 

«« J: H. Martin, J,G,S. 1932, 2640. 

H. M. Dawson and R. Gawler, ib. 1902, 81, 524. 

H. M. Dawson, ib. 1904, 85, 467. 

H. M. Dawson and E. E. Goodson, ib. 796. 

®®® H. M. Dawson, ib. 1908, 93, 1308. 

®®® J. N. Pearce and W. G. Eversole, J. Phye. Chem, 1924, 28, 245. 
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at 25° are 40-7 for this pentabromide, and 1-85 x 10® (4,550 times as great) 
for the corresponding pentaiodide constant. From the form of the equation 
these values are not directly comparable with those for the trihalides 
(p. 1193), but they are with one another, and they show the much greater 
stability of the iodide. 

These higher halides are even more readily solvated than the trihalides. 
Thus we have Kl 7 ,H 20 ®^’ and a variety of solid addition compounds with 
benzene (- B): KI 5 , KI 7 , 2 B,®^* KI„ 3 B®®’: Rbl^, 2 B««7 and 

4 B,®®® Rbig, 2 B®®’: Csl^, 3 B®®’; and KI 7 in nitrobenzene solution is 
shown (p. 1197) to combine with the solvent. 

The structures of these higher halide ions must be built up on the type 


* A 

X, 


and in similar ways, the starred atoms having a covalency of 3 (2, 2, 6 ) as 
they have in CeHs • ICI 2 ; this unusual and so presumably unstable structure 
explains why these ions nearly always contain iodine. 

3. Some of the higher halides have the unexpected composition MX 4 
(practically all MI4): thus we have Nal 4 , 2 HgO,®^® Kl 4,0 and 2 HgO,®^® 
and Csl 4 ,®®®*®’®“^ with a similar ammonium salt NH 4 T 4 ,HI,H 20 .®®^ CSI 4 
decomposes at 136° to Csig and iodine, and this at 211 ° gives Csl and 
more iodine.®’* 

It is obvious that the formulae of these salts must be doubled, and that 
CSI 4 is Csgig, probably a crystal aggregate of Csl 3 and Csis; this is put 
beyond doubt by the fact that it is diamagnetic,®’® wliich is impossible for 
an ‘odd’ ion [ 14 ]“. 

4. The salts derived from HICI4 have many peculiarities, which dis¬ 
tinguish them from the other pentahalides like M[l 5 ]. 

Unlike any of the other types, this gives a free acid HICI4, 4 HgO, 
separating in crystals when chlorine is passed into a suspension of iodine 
in concentrated hydrochloric acid at 0 °; it is very unstable even at 0 °, but 
has the same absorption spectrum as the solution of an alkaline salt 
MICl4.®’^ 

Again, while the ordinary perhalides are formed only by the heavier 

N. S. Grace, J. Phys, Chem, 1933, 37, 347. 

J. A. Fialkov and A. B. Polischtschuk, Ber, Inst. Chem. Akad. Wiss. Ukraine^ 
1940, 7, 96. 

H. W. Foote and M. Flekcher, J. Phys, Chem. 1940, 44, 633. 

•70 N. Rae, J.C.S. 1931, 1679. 

•71 T. R. Briggs, J. A. Greenawald, cwid J. W. Leonard, J. Phys, Chem. 1930, 34, 
1961. 

«7« T. R. Briggs, ib. 2260. *73 S. S. Hubard, ib. 1942, 46, 227. 

•7^ V. Caglioti, Atti B. Line. 1929, [6] 9, 663. 

•7® Filhol, J. Pharm. 1839, 25, 431, 606. 
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alkali metals, these salts are formed by all of them: CsICl^, RbICl 4 ,®’®~^ 
KICl 4 ,«’® NaICl 4 , 0 and 2 LiICl 4 , 4 But as with the 

trihalides the salts with the smallest cations (here Li and Na), are much less 
stable in air than the others. 

The trihalides, as we have seen, rarely have cations of a valency greater 
than 1 . But a whole series®’^^ of divalent metallic cations form tetra 
chloroiodides, though trivalent metals, such as Al, Fe'", Cr'", and Bi will 
not do so. The divalent salts are all of the type M"[ICl 4 ] 2 , ^ H 2 O ; many of 
them are fairly stable.®^^"^ They are formed by Co", Ni", Mn" (the stablest 
of the series), Zn, Be (very hygroscopic and extremely unstable), Mg, Ca, 
Sr; the last three are all fairly stable; they are all to some extent disso¬ 
ciated into their components in solution, and as ICI3 is hydrolysed by pure 
water to iodic acid, the solution must be acidified with HCl when the 
iodate of the metal in question is insoluble, or this will be precipitated. 
The instability of the Be salt shows that in these compounds also the 
stability is affected by the size of the cation. 

This is also indicated by the large number of salts of this type which are 
formed by organic bases®; they are easily made by adding iodine to a 
solution of the base in concentrated hydrochloric acid, and passing in 
chlorine. The golden-yellow salts are all fairly soluble in water and stable 
in presence of a solution of ICI3 in HCl. They melt sharply with decomposi¬ 
tion ; they are stable when dry. They are formed by a very great variety 
of bases: mono- to tetra-alkyl ammonium, guanidine (m. pt. 163®: very 
stable), pyridine (235®), quinoline (195®), and numerous methyl-, chloro-, 
ani nitro-derivatives of pyridine and quinoline, caffeine, piperidine 
(C 5 H 10 NH, HICI 4 , HgO, dimorphic, m. pt. 102 ®), and many others. 

The diazonium salts®are remarkably stable, the cations as well as the 
anions. They melt sharply (e.g. benzene-diazonium 88 ®, ^-toluene 95®, 
tribromobenzene 135®) with decomposition, but only occasionally with 
explosion; they can be kept indefinitely in sealed tubes or in an atmosphere 
of chlorine. They give the usual diazo-reactions, and concentrated aqueous 
ammonia converts them into the azide and nitrogen iodide. 

The existence of a free acid in the crj^stalline state: of salts of the lightest 
alkali metals: of a stable series of salts of divalent metals: all distinguish 
the tetrachloroiodides sharply from the other perhalides. It is further 
remarkable that no tetrabromoiodides have been niade. Chattaway and 
Hoyle®made a series of perhalides of bases, with any odd number of 
halogen atoms in the anion up to 9; these included the tetrachloroiodides 

H. L. Wells and S. L. Penfield, Am. J. Sci. 1892, [3] 43, 17; Z. anorg. Chem. 
1892, 1, 86. 

H. L. Wells, H. L. Wheeler, and S. L. Penfield, ib. [3] 44, 42; ib. 1893, 2, 255. 

R. F. Weinland and Fr. Schlegelmilch, ib. 1902, 30, 134 (C. 02. i. 845). 

F. D. Chattaway and G. Hoyle, J.C./S'. 1923, 123, 664. 

F. D. Chattaway and F. L. Garton, ib. 1924, 125, 183. 

F. D. Chattaway, F. L. Garton, and G. D. Parkes, ib. 1980. 

M. G. de Celis and E. Moles, Anal. Fie. Quim. 1932, 30, 540. 

M. G. de Celis, ib. 1935, 33, 203. 
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and three other pentahalides, MI 5 , Ml4Br, and MI4CI ; but no MIBr4 or 
mixed halogens of the I(hal )4 kind* If these salts had the branched-chain 
structure suggested above for the ordinary pentahalides, as 



the replacement of the 3-covalent chlorine by a bromine atom must cause 
an increase in stabihty. 

This question has now been settled by the determination®^^ of the 
crystal structure of KICI4. The anion has a planar structure, with the 
four chlorine atoms at the points of a square, the I—Cl distance being 
2*34±0’03 A. (normal distance 1-33+0-99 — 2-32). It is to be noticed 
(1) that this is the only known case of an atom with a valency group of 12 
electrons having 4 of them unshared, and (2) that the planar structure 
agrees with the general principle that the stereochemical type is fixed by 
the total number of valency electrons, the positions determined by the 
unshared pairs being vacant (here an octahedron with 2 trans positions 
unoccupied). 

r Cl " 

K Cl—Cl 
. Cl - 

To the same type probably belong the salts M[ICl 3 F] made by Booth: 
Rb[ICl 3 r], melting-point 172°, and Cs[ICl 3 F] (194°) are made®®^ by the 
action of chlorine on CsF and Ig, in the presence or absence of water. They 
are orange-yellow, and are stable enough to be recrystallized from water; 
they both begin to decompose at about 300°. A potassium salt also seems 
to exist. 

A similar series of salts MICI3F were prepared®®® from organic amines by 
the action of ICI3 on the fluorides. The bases from which they were made, 
and the approximate decomposition points of the salts, are: CH 3 NH 2 (35°); 
Et 2 NH (85°); McgN (c. 120°); Me 4 NICl 3 F (m. pt. 270°, decomposition pt. 
310°); pyridine (m. p^. 190° without decomposition). Of these, as will be 
seen, the tetramethyl ammonium salt is the most, the pyridine the next, 
and the methylammonium the least stable; the first two are more stable 
than the alkaline salts. 

The extreme rarity of polyhalides containing fluorine, and exceptional 
stability of these compounds, strongly suggest that they belong to the 
MCICy type. 

R. C. L. Mooney, Z. Kriat. 1938, 98, 377. 

H. S. Booth, C. F. Swinehart, and W. C. Morris, J.A.C.S, 1932, 54, 2561. 

H. S. Booth, W. C. Morris, and G. D. Swartzel, ib. 1933, 55, 4466. 



OXIDES OF CHLORINE, BROMINE, AND IODINE 

With the oxides there is much more difference between chlorine, bromine, 
and iodine—especially between iodine and the other two elements—than 
we have hitherto met, and it is therefore more convenient to take the 
three halogens separately. 

OXIDES OF CHLORINE 

At least eight oxides of chlorine have been described, of which one, 
CI2O3, certainly does not exist; another, CIO, has never been isolated, but 
its existence seems to be required by the kinetics of the decompositions of 
ClgO and ClOg; two more, CIO3 and ClgOg, form a monomeric and dimeric 
pair (like NOg and N2O4) ; and another, CIO4, is very doubtful. The more 
important properties of the oxides are: 
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These oxides are all, so far as is known, endothermic, and nearly if not 
quite all of them when present in any serious concentration are highly 
explosive. 

Chlorine Monoxidey 

This is the anhydiide of hypochlorous acid both in composition and in 
behaviour. It can be made from the acid by loss of water, as by treatment 
with anhydrous calcium nitrate or P2O5. It is also formed by the action 
of chlorine on a solution of potassium hypochlorite: 

KCIO + CI2 - KCl + CI2O: 

or by the action of chlorine on mercuric oxide; this last reaction means 
that the reversible hydrolysis of the chlorine to hydrogen chloride and 
hypochlorite is carried to completion when the chloride ion is removed by 
forming the insoluble and non-ionized mercuric compound (hg = ^ Hg): 

HgO + CI2 - hgCl + hgClO 
hgClO + CI2 - hgQ + ClaO. 

See C. F. Goodeve and F. D. Richardson, J,C,S, 1937, 294. 

From Bichowski and Rossini, Thermochem, 1936. 

0. F. Goodeve and A. E. L. Marsh, J.C,S. 1939, 1332. 
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It is commonly prepared by passing chlorine gas over dry mercuric 
oxide, which is often mixed with sand to moderate the reaction. The gas 
is condensed in a freezing mixture not below —20°, so that the excess of 
chlorine passes on.®^®~^ Cork and rubber must be avoided, as they cause 
explosive decomposition. 

Chlorine monoxide is a brownish gas, looking like nitrogen peroxide; 
the liquid is dark brown. It melts at 116° and boils at -{ 2°; the Trouton 
constant is 22 * 5 .Pqj. results of electron diffraction see p. 1205. The 
vapour density of the gas is normal. It attacks the eyes and the mucous 
membrane. It is highly explosive; the gas explodes on heating, and some¬ 
times at the ordinary temperature; the liquid is liable to explode on pour¬ 
ing from one vessel to another, or when it is allowed to boil. It is a violent 
oxidizing agent, converting most metals into a mixture of their oxides 
and chlorides. It reacts with water®^^^^ to give HOCl, or in presence of 
HCl chlorine and water. 

The decomposition of CI 2 O, both photochemical and thermal, has been 
the subject of much investigation. The thermal decomposition®®^’®®^® can 
be examined at 100-140°. There is an induction period followed by an 
essentially second-order reaction; Hinshclwood®®® concludes that the very 
complex reaction must include at least two consecutive reactions with 
about the same heat of activation (about 21 k.cals.). It is remarkable that 
the reaction has the same velocity, with the same temperature coefficient 
and apparently the same mechanism, in COI4 as in the gas.®®’ 

The photochemical decomposition of ClgO has been examined by 
Bowen,®®® Bodenstein,’®® and Schumacher .’®^‘'2 Bowen showed that the 
effective light was that absorbed by chlorine (of which some is practically 
always present as an impurity) and that for every quantum absorbed 2 
molecules of the ClgO are decomposed. His results were confirmed by 
Bodenstein. Schumacher pointed out that the results can be explained by 
a series of reactions 

1 . Ck + hv - 2 Cl 

2. Cl -f CI 2 O - CI 2 + CIO 

3 . 2 CIO - CI 2 + O 2 

The intermediate compound CIO has never been isolated, but the assurap- 

M. Bodenstein and G. Kistiakowski, Z, physikal. Chem. 1925, 116, 373. 

C. N. Hinshelwood and C. R. Pritchard, J,C,S. 1923, 123, 2730. 

c. F. Goodeve, ib. 1930, 2733. 

C. H. Secoy and G. H. Cady, J.A.C.S. 1940, 62, 1036. 

W. A. Roth, Z, physikal, Chem. 1942, 191, 248. 

C. N. Hinshelwood and J. Hughes, J.G.S. 1924, 125, 1841. 

J. J. Beaver and G. Stieger, ib. 1931, B 12, 93. 

E. A. Moelwyn"Hughes and C. N. Hinshelwood, Proc. Roy. Soc. 1931, 131, 177. 

C. N, Hinshelwood, Oas Reactions^ ed. 3, p. 87. 

E. J. Bowen, J.C.S. 1923, 123, 2328. 

M. Bodenstein and G. Kistiakowski, Z. physikal. Chem. 1925, 116, 371. 

H. J. Schumacher and C. Wagner, ib. 1929, B 5, 199. 

703 Finkelnbufg, H. J. Schumacher, and G. Stieger, ib. 1931, B 15, 127. 
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tion of its existence enables us to explain not only this reaction, and the 
chlorine sensitized photodecomposition of ozone, but also that of ClOg; the 
question is further discussed below under that compound. 

[Chlorine Sesquioxide^ CI2O3 

This anhydride of chlorous acid does not really exist; the substance that 
was taken for it, which is formed by the reduction of potassium chlorate 
in presence of acid, or by the action of chlorine on silvei* chlorate, was 
shown^®®“^ to be a mixture of CIO 2 and oxygen.] 

Chlorine Dioxide^ ClOg 

This was first obtained by Chenevix in 1802, by the action of H 2 SO 4 on 
KCIO 3 ; when so made it contains both free chlorine and free oxygen. It 
is highly endothermic (—23*5 k.cals.) and can only be made by the reduc¬ 
tion of chlorine in a higher state of oxidation, commonly the chlorate. 
Chloric acid when treated with concentrated H 2 SO 4 breaks up mainly 
according to the equation 

3 HCIO3 2 CIO2 -f HCIO4 + H2O 

It is also formed (along with COg) when chloric acid is reduced with oxalic. 
It is usually prepared by the action of concentrated H 2 SO 4 on KCIO 3 ; 
the two are gently warmed, and the evolved gas is condensed in such 
a way that the Clg and Og can pass on. For details of its preparation see 
reference 

Chlorine dioxide is an orange-yellow gas which liquefies at -f 11 ^^ to a 
reddish-orange liquid, and freezes at —59° to crystals looking like potas¬ 
sium dichromate. As would be expected of an ‘odd molecule’ it is 
paramagnetic. 

The vapour density of the gas is normal, and there are no signs of its 
associating to form ‘ even ’ molecules in the liquid state or in solution. The 
surface tension of the liquid has the temperature coefficient required on the 
Ramsay-Shields theory for a non-associated liquid.’®^ The freezing- 
point of the aqueous solution indicates that the solute is not associated, 
and the partition between water and CCI4 is practically independent of the 
concentration (CqqJC^^q is 1*2 at 0°, and 1-64 at 25°) which shows that 
it is monomeric in CCI4 as well.’®^ 

Chlorine dioxide either as a gas or as a liquid explodes violently on the 
smallest provocation. In the dark its solution in carbon tetrachloride 
usually decomposes slowly, but if it is quite free from ClgO (traces of which 
can be removed by treatment with baryta) it remains unchanged for a 

F. E. King and J. R. Partington, J,C.S. 1926, 926. 

704 0 p Goodeve and F, D. Richardson, C,R. 1937, 205, 416. 

70* E, Schmidt et aL, Ber. 1921, 54, 1861; 1923, 56, 25. 

N. W. Taylor and G. N. Lewis, Proc. Nat. Acad. Wash. 1926, 11, 466; N. W. 
Taylor, J.A.C.S. 1926, 48, 865. 

G. H. Cheeseman, J.C.S. 1930, 35. 

W. Bray, Z. physikal. Chem. 1906, 54, 583. 
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long It is acted on by light, giving not only chlorine and oxygen, 

but also ClaOe and apparently CI2O7. Its absorption spectrumshows 
that it is first broken up into CIO and oxygen; the positions of the bands 
make it possible to calculate the energy of the linkage, and lead to the 
unusual result that more energy is required to remove the first oxygen 
than the second, the stages being 


CIO2 


66-6 k.cals. 


-> CIO 


- ^ 

57 0 k.cals. 


Cl H O. 


See further p. 1205 . 

The further course of the photodecomposition depends on the nature of 
the medium. In the gas, and in CCl4,'^^^ the CIO reacts with itself and with 
the CIO2, the products in CCI4 being mainly CI2-I-O2, and in the gas ClgOg 
and perhaps CI2O7 as well.^^^ In waterthe CIO does not react with the 
excess of ClOg, presumably because it is attacked by the water; we may 
suppose it combines with it to form an (unknown) acid H2CIO2, which then 
reacts further, giving: 

CIO + H 2 O - H2a02 


H2CIO2 + CIO - HCl + HCIO3, 


which would give a quantitatively accurate explanation of the observed 
reaction products. 

Chlorine dioxide is very soluble in water; it forms a yellow crystalline 
hydrate, probably ClOgjS HgO, which is stable up to 18 °.'^®^ The aqueous 
solution is stable in the dark, and the gas can be expelled from it again. 
In light it is slowly converted, as we have seen, mainly into HCI+HCIO3. 
With alkalies it forms (but only slowly) a chlorite and a chlorate. 

CIO2 is extremely reactive; it is srery easily reduced’*^® to chlorous acid 
HCi02, which itself very easily passes into HCI+HCIO3. It reacts with 
most substances, often explosively. KMn04 oxidizes it only up to the 
chlorate stage. 

CIO2 is an ‘odd’ molecule, and so cannot be given a normal formula. 
We may write it with two single bonds, as in 


7 ^ 0 ® 

C^ ; 

\08 


in this the chlorine has a valency group of only seven electrons; this defect 
will be shared with the oxygens, so that the molecule will be a resonance 
hybrid of the forms 


7 ^ 0 ® 

\o® 


8/0^ 

c\{ 

\o® 


8/^0® 


H. Luther and R. Hoffmann, Z. physikal. Ohem. Bodenstein Festschrift, 1931, 

766 . 

W. Finkelnburg and H. J. Schumacher, ib. 704. 

’ll E. J. Bowen, J.C,S, 1923, 123, 1199. 

’12 See E. A. Moelwyn-Hughes, Beactions in SoliUiona, Ed. i (1933), p. 66. 

’1* E. J. Bowen and W. M. Cheung. J,O.S. 1932, 1200. 
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When one oxygen is split off, the remaining CIO wiU have its resonance 

7 8 7 

diminished, since now only two forms are possible, Cl-~>0® and Cl—O, 
and presumably it is this loss of resonance energy which makes the 
absorption of heat in the change ClOg -> ClO+0 ( 66*6 k.cals.) greater than 
in C10->Cl+0 (67.0 k.cals.). 

But from electron diffraction measurements Brockway and Sutton 
find that the Cl—0 distance in CIO 2 is only 1-53 A, while in CI 2 O it is 1*68 
(theory 1 • 65 A). This shortening would suggest that there is some resonance 
with a doubly linked form 


since the Cl is not limited to an octet; also the value found for the valency 
angle in CIO 2 was rather large, though it could not be measured very 
accurately (137°±15°:Cl20 115^^). Some double-link character in CIO 
seems needed to explain why its heat of formation is 57-0 k.cals., while 
that of the Cl—0 link in CI 2 O is only 49-3. ^ 

A singular derivative of CIO 2 is CIO 2 F, made by the direct union of 
CIO 2 with F 2 diluted with Ng at 0 ®; it boils at about — 6 ° and melts at 
about —115°.'^^® 

Chlorine Trioxide^ C103;;:±Cl20g 

The formation of a brown liquid when ClOg is exposed to light had been 
observed by many people,"^^^ but the isolation from it of a new oxide of 
chlorine was the work of Bodenstein and his colleagues. It is formed’^® 

as a brown viscous layer on the walls of the vessel when sunlight or other 
bright light acts on chlorine and ozonized oxygen (some CI 2 O 7 being pro¬ 
duced at the same time).’^! It is best made’^'^ by allowing ClOg to act on 
ozone, and freezing out the product with ice; this reaction has a very small 
heat of activation of about 1 or 2 k.cals., which means that about one 
collision in every 1,000 is fruitful. In this way brown drops are formed, 
which are a solution of CIO 2 ClgOe; the ClOg can then be distilled off, 
and the ClgOe which remains purified by distillation at a very low pressure. 

CI 2 O 6 is a dark-red liquid, which solidifies at -f-3-6° to a solid looking 
like potassium dichromate.It is the least volatile of the oxides of 
chlorine; its vapour pressure is 0*31 mm. at 0 ° C. The boiling-point extra¬ 
polated from the vapour-pressure curve is 203®,^®® but even at 0 ^^ the 

L. O. Brockway, Proc. Nat. Acad. Sci. 1933, 19, 868 (ClOg). 

L. E. Sutton and L. O. Brockway, J.A.C.S. 1935, 57, 473. 

H. Schmitz and H. J. Schumacher, Z. anorg. Chem. 1942, 249, 238. 

e.g. by E. Millon, Ann. 1843,46, 312, and E. J. Bowen, J.C.S. 1923,123, 2330. 

M. Bodenstein, P. Harteck, and E. Padelt, Z. anorg. Chem. 1926, 147, 233. 

M. Bodenstein and H. J. Schumacher, Z. physikal. Chem. 1929, B 5, 233. 

H. J. Schumacher and G. Stieger, Z. anorg. Chem. 1929, 184, 272. 

A. C. Byrns and G. K. Rollefson, J.A.C.S. 1934, 56, 2246. 

’^2 J, Farquharson, C. F. Goodeve, and F. D. Richardson, Trans. Far. Soc. 1936, 
32, 790. 

’28 C. F. Goodeve and F. D. Richardson, J.C.S. 1937, 294. 
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vapour begins to decompose into CI 2 +O 2 (the heat of activation of this is 

11-6 k.cals.’^o) 

The molecular weight in the gaseous state is that of CIO3, since when it 
is decomposed by heat into Clg and Og its volume is found to be doubled 
(observed increase 2*03, 1*97, 2*04, l* 95 ^ 22 - 3 j. 

2 CIO3 =- CI2 f 3 O2. 

On the other hand, in the liquid state it is practically entirely poly¬ 
merized to ClgOo. This is suggested by the very low vapour pressure, and 
proved by the fact that the molecular weight has been found cryoscopically 
in CCI4 to be only 10 per cent, less than that required for the double 
molecules (found 153, 156 ; calc, for ClgOg 167).’^*»’24 Further, the liquid 
has been shown to be diamagnetic, though less than Pascal's theory 
requires, which may be due to its containing a small admixture of the 
paramagnetic ClOg.’^^ 

The substance fumes in air, and soon decomposes, being converted 
successively into CI2O7, CI2O, ClOg, and ultimately CI2+O2. If it is added 
to liquid water it explodes (it is always liable to do this), but if the gas 
is mixed with water vapour and cooled, crystals of the monohydrate of 
perchloric acid HCIO4, HgO, separate out, the main reaction being 

Cl^Oe -f H2O - HCIO3 + HCIO4. 

We have no direct evidence as to the structure of these molecules 
CIO3 and CI2O5. It seems most probable that CIO3 is ClOg with an extra 
co-ordinated oxygen, and should be written 

/O 

\o 

with a septet of electrons on one atom, no doubt shared by resonance 
between the four; in the bimolecular form it is very likely that the union 
is between the chlorine atoms, giving 


the symmetry of which has been supposed (though it is not easy to say 
why) to explain why this is the least volatile oxide of chlorine. This 
structure is also analogous to that of N 2 O 4 , which shows considerable 
resemblance to ClgOa in many ways, especially in its ready interconversion 
with the monomeric odd-molecule form. 

Chlorine Heptoxide, ClgO^ 

This is the anhydride cf perchloric acid, and as such can be made by 
dehydrating the acid; it is also formed, along with ClgOe, when blue light 
acts on a mixture of chlorine and ozonized oxygen.’*^ It is usually pre¬ 
pared by leaving anhydrous or highly concentrated aqueous perchloric 

M. H. Kalina and J. W. T. Spinks, Canad, J. Rea, 1938, 16, B 381. 
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acid in contact with P 2 O 5 for a day at — 10 ° or below, and then distilling 
carefully in vacvo ; after one such frfiictionation it can be redistilled at the 
ordinary pressure.’^®"® 

It is a colourless volatile oil (ClgOy and the doubtful CIO 4 are the only 
oxides of chlorine which are not coloured); m. pt. —91-5°, b. pt. (extra¬ 
polated) + 80±1°; Trouton constant 23*4.’ 2 ® It explodes violently under 
a blow, or in contact with flame or iodine, but on the whole it is the 
stablest oxide of chlorine, as we should expect from the behaviour of the 
perchlorates. It has no action in the cold on sulphur or phosphorus, or on 
wood or paper. With water it is slowly converted into HCIO4. It is 
endothermic ( — 63*4 k.cals.).^^^ Its dipole moment in CCI4 at 20 ° is 
0*72±0*02 Raman spectrum indicates that it has two ClOa 

groups joined by an oxygen bridge, with the O angle 128°.’ 2 * 

Chlorine Tetroxide, (€104)^ 

The existence of this oxide is not certain. Its preparation was claimed 
by Gomberg'^ 2 ®”®® by the action of iodine on a solution of silver perchlorate 
in an organic solvent. If the solvent is an aromatic compound such as 
chloro- or nitro benzene, the ultimate reaction is of the type 

C.H^X + I 2 + AgC 104 = CeH 4 XI -f HCIO 4 + Agl. 

This reaction was further examined by Birckenbach,^®^ who ascribes it to 
the intermediate formation of I • CIO4. But in anhydrous ether little of the 
solvent is attacked by the iodine, and Gomberg considers the main reaction 
to be 

la + 2 AgC104 = 2 Agl + 2 a04. 

The molecular weight of this compound is unknown, and it has never 
been isolated, so that the only evidence we have for its existence is the 
properties of the ethereal solution prepared in the way just described. 
These, except the oxidation of metals without evolution of hydrogen, and 
the oxidation of hydrogen iodide (which is denied by Birckenbach) could 
all be due to perchloric acid. 

Until we have more evidence of it, the existence of this oxide must be 
regarded as very doubtful. If it does exist, its colourlessness seems to 
make it certain that it cannot be the odd molecule CIO4, but must be 
ClaOg. 

OXIDES OF BROMINE 

Apart from a few false alarms, no oxides of bromine were known until 
1928. We now have good evidence of three, a gaseous Br^O, analogous to 

A. Michael and W. T. Conn, Am Chem. J, 1900, 23, 446; 1901, 25, 92. 

C. F. Goodeve and J. Powney, J.C,S, 1932, 2078. 

C. F. Goodeve and A. E. L. Marsh, ib. 1937, 1161. 

’2® R. Fonteyne, NcUuufweL Tijds, 1938, 20, 276. 

M. Gomberg, J.A.O.S, 1923, 45, 398. 

M. Gomberg and H. R. Gamrath, Trana, Far, Sac. 1934, 30, 24. 

L. Birckenbach and J. Goubeau, Ber. 1932, 65, 396. 
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ClgO, a solid of the composition ErgOg, but of unknown molecular weight, 
and a recently discovered BrOg. There is no reason at present to suppose 
that any other oxide of bromine exists. 

Bromine Monoxide^ BrgO 

Zintl and Rienacker’^^ showed that if bromine vapour is led over mer¬ 
curic oxide (which should be precipitated at 50° and dried at 110 °) it 
reacts at temperatures from 50° to 100°, and the product contains up to 
4 per cent, of BrgO, reckoned on the total bromine. The vapours were 
frozen out, and the product analysed by determining (a) the oxidizing 
power of its solution in alkali, and (b) the total bromine present after 
reduction with SOg to the bromide ion. 

In 1935 it was foundthat if a solution of bromine in CCI 4 is shaken 
with mercuric oxide the resulting solution may contain up to 40 per cent, 
of its bromine in the form of BrgO. 

Bromine monoxide was isolated by Schwarz and Wiele, who made it 
by warming the dioxide BrOg in vaciu ); it is brown, and melts at —17*5° 
to a liquid which slowly decomposes even at —16° with evolution of 
oxygen. In CCI4 it gives a green solution which is stable below 0°, and 
the freezing-point of which indicates that it is monomeric, with perhaps 
slight association. It oxidizes iodine to the pentoxide. 

Br\ 

The structure ^ yO is probable from the analogy of the chlorine 
compound. 

Bromine Dioxide^ BrOg 

This is made^*® by the action of the electric discharge on a mixture of 
bromine vapour and oxygen, in a vessel cooled with liquid air; it deposits 
as a yellow mass on the sides. A yield of 80 per cent, can readily be got. 
Any ozone formed is removed by reducing the pressure, and then the 
deposit is warmed to —30° and the excess of bromine sublimed away. 
This shows that BrOg like BrgO is less volatile than bromine. 

Bromine dioxide is an egg-yellow solid; it does not melt, but at about 
0° decomposes spontaneously and vigorously to bromine and oxygen; it 
was analysed in this way (found Br:0 = 1 :1-97, 1-98). 

Later work shows'^®® that BrOg is stable below —40°, but slowly decom¬ 
poses above it. Warm sodium hydroxide gives NaBrOg, NaBrOg, NaBrO, 
and NaBr. If it is warmed in vacuo it gives the brown BrgO, along with 
a colourless solid which may be Br 207 , but could not be isolated or further 
examined. 

E. Zintl and G. Rien&cker, Ber, 1930, 63, 1098. 

783 Brenschede and H. J. Schumacher, Z. 'physilml, Chem, 1936, B 29, 366. t 

Id., Z. anorg. Chem. 1936, 226, 370. 

R. Schwarz €uid H. Wiele, J. prakt. Chem, 1939, [ii] 152, 167. 

R. Schwarz and M, Schmeisser, Ber. 1937, 70, 1163, 
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Trihromine Octoxide, BrgOg 

This oxide was discovered by Lewis and Schumacher, who found^®^ 
that the kinetics of the decomposition of ozone by bromine required the 
assumption of an intermediate oxide of bromine, and by evaporating the 
mixture at low temperatures obtained a solid which apparently was this 
oxide. Later*^^®"® it was examined in more detail. It is formed by the 
action of ozone on bromine at temperatures from —5"^ to + 10 °; at + 10 ° 
the reaction takes 5 to 10 minutes; but unless special precautions are 
observed the product decomi)oses, often explosively. The material must 
be carefully freed from (especially oxidizable) impurities; the ozone must 
be in the proportion of about 5 O 3 to 1 Br 2 , because in the formation of 
the compound much of it is converted into oxygen. Above —80° the 
oxide is only stable in presence of ozone. If the pressure of this is lowered, 
the deposit vanishes in 2 or 3 minutes, but it can be re-formed by adding 
more ozone although the reaction is not properly speaking reversible; 
when the oxide breaks up it does not give ozone but oxygen, and so if the 
oxide is kept in contact with ozone, this is being continuously decomposed. 

BrgOg (no name seems to have been given to it as yet) is dimorphic, with 
a transition point at —35°+ 3°; near this point the change is very slow. 
The oxide was analysed by decomposing it by heat, and measuring the 
ratio Br 2:02 in the product. 

In water the oxide gives a colourless solution which contains no bromine 
ions, but is acidic and oxidizes potassium iodide. Titration with baryta 
shows that the ratio of hydrogen ions to bromine atoms is 1*34:1. That of 
bromine to active oxygen is 1 : 2*48. An acid H 4 Br 30 io would give very 
nearly these results (Br:H^ = 1 : 1*33; Br: active 0=1:2*5). Lewis and 
Schumacher’®® suggest the following series of reactions: 

^ ff20 = H4Br3O20 

H4Br30io =- 2 HBr 03 + H 2 Br 04 

2 H 2 Br 04 - HBr + HBrOa + HgO + 2 Og 

which would agree with the observations. 

The structure of BrgOg is quite unknown, and as we have no evidence 
of its molecular weight it should properly be written (BrgOg)^, though we 
have no reason to expect n to be large. 

OXIDES OF IODINE 

In its oxides, as in many of its compounds, iodine differs more from 
bromine than bromine does from chlorine, and no oxide of iodine analogous 
to any oxide of any other halogen has been shown to exist. The oxides of 
iodine so far as they are known are all solid and practically non-volatile, 


B. Lewis and H. J. Schumacher, Z, physikal. Chem. 1928, 138, 462. 
Id., Z, Elektrochem. 1929, 35, 651. 

Id., Z, anorg. Chem, 1929, 182, 182. 
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and though some eight have been described, there are only three for which 
there is satisfactory evidence, I2O4, I4O9, and IgOg. 

Derivatives of IgO are known, such as[py • I]N03and[py • IJgO (seep .1241). 
So too, there are derivatives of I2O3 such as the acetate I(OCO*CH3)3. 
But neither of these oxides has been isolated. The oxides I10O19 of 
Millon*^^® and IgOis of Kammerer’^^ have been shownto be impure I2O4. 
Finally the evidence for T0O7, whicli is given below, is very unsatisfactory. 

Iodine Tetroxide^ I2O4 

This can be niade’^^'^ by the oxidation of iodine with HNO3, or 112804’^^; 
on long heating with H2SO4 a solid crust is formed which is probably a 
sulphate, and which after washing with water, alcohol, and ether leaves 
behind the tetroxide in 30 per cent, yield. 

This substance forms lemon-yellow ciystals which do not melt, but 
decompose above 130° into their elements; it is practically insoluble in all 
solvents except slowly and with decomposition, and in this respect is in 
marked contrast to the very hygroscopic I4O9. It dissolves slowly in 
alkali to give a mixture of iodide and iodate: 

3 I2O4 + 6 KOH - KI + 5 KIO3 + 3 HgO. 

When heated with SO 3 or oleum it is partly oxidized to the pentoxide 
I2O5, and partly converted into a sulphate, probably I2O4, 3 SO3, a pale- 
yellow hygroscopic substance, stable below 130°. 

As this oxide is neither volatile nor soluble, its molecular weight is 
unknown, and it should strictly be written (I02),j. The non-volatility 
shows that n must be greater than 1, especially since ClOg and BrOg are 
both gases. It is commonly written I2O4, partly because this makes it 
possible to formulate it as a basic iodate of trivalent iodine (10)103. 
This may be correct, but it does not explain the insolubility; I4O9, which 
is fairly certainly the neutral iodate of trivalent iodine, 1(103)3, is very 
hygroscopic and at once decomposed by water. 

I4O9: ? Iodine Tri-iodate 

This was first made by Ogier in 1878, and examined later by Fichter.^^^ 
It is formed by the action of ozone at the ordinary temperature on iodine, 
or better on its solution in chloroform. A better methodis to warm 
powdered iodic acid with dehydrated ortho-phosphoric acid H3PO4; on 
standing I4O9 separates, and oxygen is evolved. 

It is a yellow-white solid which begins to evolve iodine at 75°. It is 

E. Millon, Ann. Chim, Phys. 1844, [iii] 12, 333. 

J. praht. Chem. 1861, 83, 65. 

’*2 M. M. P. Muir, J.C.S. 1909, 95, 666. 

7*3 H. Kappeler, Ber. 1911, 44, 3496. 

R. K. Bahl and J. R. Partington, J.C.S. 1936, 1268. 

F. Fichter and F. Rohner, Ber, 1909, 42, 4093. 

74« p Fichter and H. Kappeler, Z, anorg. Chem. 1915, 91, 142, 

747 Y, Fichter and S. Stem, Helv, Chim. Acta, 1928, 11, 1256. 
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very hygroscopic; in presence of moisture it deliquesces, turns red or 
brown, and is ultimately converted into iodine and iodic acid HIO3. This 
oxide is almost certainly the iodate of trivalent iodine 1(103)3 5 its strong 
attraction for water, and in the way that it is decomposed by it with 
separation of iodine, it closely resembles the triacetate I(OCO *0113)3 of 
Schutzenberger*^^® which in the same way liberates acetic acid. The reac¬ 
tions that occur when the oxide is treated with water are presumably: 
1(103) + 3 H2O - I(0H)3 + 3 HIO3 
3 I(0H)3 - hi + 2 HIO3 + 3 H2O 

HTO3 + 5 HI = 3 I2 + 3 H2O. 

It seems to be generally assumed that the iodate must be ionized, but 
there is no particular evidence of this. The whole behaviour of the com¬ 
pound is very like that of boron triacetate B(OCO CH3)3, which is simi¬ 
larly hydrolysed by water, though of course the boric acid is stable. An 
ion I^^"^ would have the unusual structure (core) ( 18 ) ( 4 ) with two inert 
pairs, which may occur in M[ICl4] but is not found elsewhere. See later 
under the compounds of trivalent iodine. 

Iodine Pentoxide^ I2O5 

This is the anhydride of iodic acid and behaves as such, being formed 
from it by dehydration and reconverted into it by water. Unlike most of 
the oxides of the halogens (and all the oxides of chlorine) iodine pentoxide 
is exothermic (+48 k.cals. for I2O5). In spite of this, all attempts to make 
iodine combine with oxygen in presence of any catalysts, at any tempera¬ 
ture from 100 ° to 500 °, have failed; though it is probable that the pent¬ 
oxide is formed by the electric discharge in ozonized oxygen in presence 
of potassium iodide (Ogier, 1878 ). 

Iodine pentoxide is formed by dehydrating iodic acid at 195 °. It can 
also be made by oxidizing iodine with nitric acid or nitrogen pentoxide; 
it is formed directly from iodine and N2O5 on warming and the reaction 
goes very rapidly even at 0° in chloroform solution."^®® According to 
Moles’®^ the best method of preparation is to heat iodine with fuming 
nitric acid at 70 - 80 ° under reflux until the mixture goes yellow. 

Iodine pentoxide’®^® is a colourless, odourless, crystalline substance of 

P. Schutzenberger, J. prakt. Chem. 1863, 88, 1. 

M. Guichard, C.E. 1909, 148, 925; Ann. Chim, Phys, 1917, [9] 7, 28. 

H. Eyring and F. Daniels, J,A.C.S. 1930, 52, 1489. 

E. Moles and A. P. Vitoria, Z. physikcd. Chem. 1931, Bodenstein Festschrift, 583. 

’^2 M. S. Shah and T. M. Oza, J.C.S. 1931, 32. 

E. Moles and A. P. Vitoria, An. Fis. Quim. 1932, 30, 99. 

E. Moles and A. Parts, ib. 1933, 31, 618. 

E. Moles and P. Villan, ib. 1936, 34, 787. 

G. P. Baxter and G. S. TiUey, J.A.C.S. 1909, 31, 205. 207; Z. anorg. Chem. 
1909, 61, 299. ^ 

L. Clarke and E. K. Bolton, J.A.G.S. 1914, 36, 1902. 

A. Gautier, C.R. 1898, 126, 793, 931; 1899, 128, 487; Ann. Chim. Phys. 1901, 
[7] 22, 20. 
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high density (5*28)’®^ which is non-volatile; it can neither be melted nor 
sublimed without decomposition’^®-^; in the absence of light it does not 
begin to decompose below 275 °.It is soluble only when it reacts with 
the solvent. Water converts it into iodic acid, evolving 2-1 k.cals. per 
HIO3’®®; it dissolves in nitric acid (see further under iodic acid),’®^ from 
which it crystallizes out as I2O5 if the solvent contains more than 50 per 
cent. It is a strong oxidizing agent, and with oxidizable sub¬ 

stances sometimes detonates (H. Davy, 1815). 

Iodine pentoxide oxidizes carbon monoxide to the dioxide, being itself 
reduced to iodine. This reaction goes at the ordinary temperature 
extremely slowly, but practically to completion; at 65° and above it is 
rapid.’®® This is known as Ditte s reaction (A. Ditte, 1870). It is used 
(commonly in presence of H0SO4) both for the quantitative estimation of 
carbon monoxide, and also in respirators for its removal from air.’®® 

Nitric oxide also reduces iodine pentoxide slowly at 80° and quickly at 
120°, giving iodine and the higher oxides of nitrogen. 

Iodine Heptoxide, I2O7 

This compound would be the anhydride of periodic acid. It has been 
said to occur,’®®"^ but it has never been properly characterized, and no 
recent workers have been able to prepare it, so that the balance of proba¬ 
bility is against it. 

OXY-ACIDS OF THE HALOGENS 

These are of four types (X = Cl, Br, I). 

1. HXO = H—O—X: Hypohalous acid, hypohalites (Cl, Br, I). 

2. HXO2 = H—0—X—6: Halous acid, halites. (Cl, ? Br, no I). 

3. HXO3 = H—0—X(^^: Halic acid, halates. (Cl, Br, I). 

O 

t 

4. HXO4 “ H—O—X-^0: Perhalic acid, perhalates. (Cl, I, no Br). 

I 

O 

The structures assigned to the acids above must be combined with 
doubly linked structures as resonance forms. In addition to these acids 
there are certain derivative forms, produced from them by hydration 
(e.g. HsIOe) or by condensation (e.g. M^IgO^). 

Hypohalous Acids, H —O—X 

These acids, which in the undissociated form obviously have the struc¬ 
ture H—0—X, occur with all three halogens, and are formed by the action 

JFor full references see Gmelin, lod, 1933, p. 440. 

J. Ogier, CM. 1878, 88, 722. 

A. Michael and W. T. Conn, Am. Chem. J. 1900, 23, 446. 
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of water on the elementary halogen, which leads (at any rate primarily) 
to a reversible hydrolysis of the type 

X 2 + H 2 O HX + HOX. 

The three acids show a marked gradation in properties, which is especially 
clear with the most important of these, the completeness of the hydro¬ 
lytic reaction by which they are formed, their strength as acids, and the 
tendency, which is common in varying degrees to all of them, to change 
over into the halide and the halate. The approximate values of the 
constants of these three reactions are given below, the temperature being 
25° C. unless otherwise stated. 



Chlorine 

Bromine 

Iodine 

A'l 

[H+]-[X"]-[HOX] 

[X 3 ] 

ca. 3 X 10~* 

5-8x 10 -» 

3x lO-i* 

/Ca, 

Classical 





dissociation constant 

3-2xl0'8 

2 xl 0 ~» 

3 X 10-11 

A 3 

for reaction 

3HOX-^ 2HX -f- HXO 3 





(relative) 

1 

1 

100 

30,000 


Hypochlorous Acid, H— 0 —Cl 

This acid, known only in aqueous solution, is formed by the action of 
water on chlorine, a reaction which is rapid but not instantaneous, equi¬ 
librium being reached at 0 ° only after some hours; the velocity has been 
measured by the streaming method of Hartridge and Roughton.’®^® The 
rate-determining reaction 

CI2 + OH~ = Hoci + cr 

has a velocity constant of 5 x 10^^ (litre, second) both at 1-2° and at 17*6°, 
showing that there is practically no heat of activation. This rate is approxi¬ 
mately that of collision. The hydrolysis is reversible; the equilibrium 
constant, 

_ [H^]dCr]dHOCl ] 

[C12] 

was found bj^ Jakowkin,*^®^ from the conductivity, and the partition 
coefficient with PCI 4 to be 1-56x 10“^ at 0°, and 10-0 X lO"*^ at 70° (about 
3x 10 "^ at 25°). The effect of a change in the concentration of the free 
chlorine, or of the hydrogen or chlorine ion, was in accordance with the 
law of mass action. Water saturated with chlorine at 25° under 1 atm. 
pressure is about 0 06 molar in total chlorine, and about half of this is 
present as HCl+HOCl, the rest being free CIg. 

E. A. Shilov and S. M. Solodushenkov, C.R, Acad, Set. U,S,S.R, 1936, 3, 16. 

J. Carrell Morris, J,A,C,S, 1946, 68 , 1692. 

A. A. Jakowkin, Z, physikal. Chem, 1899, 29, 613. 
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When hypochlorous acid is made in this way, the attainable concentra¬ 
tion is sharply limited by the small solubility of chlorine in water; but the 
yield can be increased if the hydrochloric acid is removed, since this sends 
the reaction to completion and more chlorine dissolves. This is usually 
done by adding the insoluble oxide or carbonate of an element which forms 
a sparingly soluble or sparingly ionized chloride, the commonest being 
mercuric oxide. Another method is to complete the hydrolysis by adding 
alkali (i.e. to absorb the chlorine in soda solution or milk of lime), and then 
acidify and distil; the hypochlorous acid is stable enough to come over 
mostly unchanged. Thus the mixture of KCl and KOCl may be treated 
with H 2 SO 4 and distilled; or bleaching powder Ca(Cl)OCl may be distilled 
either in a stream of (carbonic acid is about 100 times as strong an 

acid as hypochlorous) or after treatment with boric acid."^®® 

The acid can also be made by the action of water on chlorine monoxide 
CljO, which is accompanied by the evolution of 4 k.cals. of heat per mole 
HOCI formed.‘^®^ It is also produced by the hydrolysis of compounds with 
chlorine attached to nitrogen such as NCI 3 ; this is an example of the effect 
of co-ordination on the reactivity (see p. 1170). 

Hypochlorous acid is a very weak acid, far weaker than acetic. On 
account partly of this weakness, and partly of its instability and chemical 
reactivity, the value of the dissociation constant is not certain; but the 
more recent results are fairly consistent: for the classical dissociation 
constant multiplied by 10® they give 3*5 at 18°,3*7 at 18-20°,'^®® 3*2 at 
15°,’’® and 3*16 at 20°”^; these are supported by the value 3*7 at 17° 
found earlier by Sand”^; herce a probable value is 3x 10“®, about 1/600 
of the strength of acetic acid, and 25 times that of hydrocyanic; this 
implies that in a decinormal solution of the acid the dissociation is about 
1/170 of 1 per cent. 

Hypochlorous acid is not measurably associated in water; this is shown 
by the freezing-points’®^: by the factsthat the ratio of the concentra¬ 
tions of HOCI in the liquid and the vapour is independent of the total 
concentration, and”® that the aqueous solution of HOCI gives the same 
absorption spectrum as a solution of ethyl hypochlorite in ligroin, but 
quite different from that of the alkaline solution. Hence the acid must 
have the simple HOCI structure, since the ester is known to be monomeric. 

If a highly concentrated (25 per cent.) aqueous solution of HOCI is 

J. W. Mellor, J,C,S. 1902, 81, 1291. 

R. L. Taylor and C. Bostock, ib. 1912, 101, 451 . " 

W. A. Roth, Z. physikaL Chem. 1929, 145, 289. 

J. W. Ingham and J. Morrison, J.C,S, 1933, 1200. 

G. F. Davidson, Shirley Institute Memoirs^ 1933, 12, 1. 

770 H. T. S. Britton and E. N. Dodd, Trans. Far. Soc. 1933, 29, 537. 

’’1 E. A. Schilov, J.A.C.S. 1938, 60, 490. 

J. Sand, Z. physikcd. Chem. 1904, 48, 610. 

F. G. Soper, J.C.S. 1924, 125, 2227. 

J. Ourisson and M. Kastner, Bull. Soc. Ghim. 1939, [v] 6, 1307. 

K. Schaefer, Z. Elektrochem. 1915, 21, 187; Z. physikal. Chem. 1919, 93, 316. 
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evaporated at very low pressure, pure chlorine monoxide ClgO comes oflF, 
so that the hydration of the monoxide is to some extent reversible: 

2 HCIO CI 2 O + H 2 O. 

For the equilibrium constant of this equation: 

. [CI 2 O] 

" [HC10]^‘ 

St. Goldschmidt^'^® found the value 9*6 x 10 "^ at 0 °, which shows that in a 
normal (about 5 per cent.) solution of HOCl the concentration of CI 2 O is 
only millinormal, 

Hypochlorous acid is obviously thermodynamically unstable, though it 
usually reacts rather slowly, as is shown by its distilling without much 
decomposition. But it can decompose in two ways: 

(1) 2 HOCl - 2 HCl + Oa 

( 2 ) 3 HOCl - 2 HCl + HCIO 3 . 

These reactions occur both with the free acid and with its ions, though 
the latter appear to be the more stable. Both reactions are greatly 
accelerated by light, which, however,’’’ affects only the ions and not the 
undissociated acid. For further details on the rate of decomposition of 
hypochlorous acid in water see Pierron.”® 

The first of these reactions makes hypochlorous acid a strong oxidizing 
agent, and it is to this that chlorine water owes its bleaching power. 
Hypochlorous acid will oxidize phosphorus, arsenic, antimony, sulphur, 
selenium, and their hydrides to the corresponding acids, and hydrogen 
chloiide to chlorine, as in the reversal of the hydrolysis of the latter. The 
reduction of chlorine to hydrogen chloride by hydrogen peroxide is essen¬ 
tially a reaction of h 3 q)ochlorous acid; for its kinetics see Connick.”® 
Innumerable other examples, both inorganic and organic, might be given. 

The hypochlorite ion, or a solution of a soluble hypochlorite, is much 
slower to decompose at the ordinary temperature than the free acid; an 
aqueous solution of NaOCl is half decomposed in the cold in about 3 years. 
Nevertheless the equilibrium in the reaction 

2 CIO’ = 2 cr + O2 

is so far over to the right-hand side that an immeasurably large pressure 
of oxygen would be required to shift it perceptibly towards the left. 
Accordingly this reaction, both with the acid and with its ion, can be 
greatly accelerated by a variety of catalysts. As with the decomposition 
of hydrogen peroxide, the evolution of oxygen gas is greatly hastened by 
the addition of angular fragments such as powdered glass; platinized 
(but not bright) platinum has the same effect, both on this reaction 
Ber. 1919, 62 , 763. 

A. J. Allmand, P. W. Cunliffe, and R. E. W. Maddison, J.C.S, 1926, 127, 822; 
1927, 666. 

P. Pierron, Bull, Soc. 1943, [v] 10, 446. 

R. E. Coimick, J,A,C,S, 1947, 69, 1609. 
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and also on the formation of chlorate."^®® The separation of oxygen is also 
much accelerated by the addition of metallic oxides, such as those of 
cobalt*^®^ and nickeP®^; these oxides are actually present as higher oxides, 
into which they are at once converted by the hypochlorite. Sodium 
hyj)ochlorite can be used for some organic oxidations in place of per¬ 
manganate.’^®® 

The formation of chlorate is essentially due to interaction between the 
ion and the undissociated acid*^®^ 

CIO" + 2 HOCl - CIO 3 -f 2 H+ -f 2 Cl" 
with the possible intermediate formation of the chlorite ion ClOg^. The 
velocity being proportional to the square of the concentration of the 
undissociated acid, in order to prevent it from occurring (which would 
diminish the bleaching power of the solution), the concentration of HOCl 
must be as far as possible reduced, by adding a small excess of alkali; thus 
in a normal solution of NaOCl the concentration of HOCl, due to hydro¬ 
lysis, is 5-2 X 10 *^: if a O-Ol normal excess of NaOH is addf.'d, this con 
centration of HOCl is reduced to 1 / 20 , and therefore the rate of formation 
of chlorate to 1/400 of their previous values. The velocity shows the normal 
increase of 2*5 for 10°; that is why when the chlorate is being made the 
CI 2 is passed into a hot alkaline solution. 

Hypochlorous acid and its ion have two characteristic reactions with 
organic substances, in addition, of course, to that of oxidation; the first, 
which occurs with saturated compounds, is direct chlorination, and the 
second is the addition of HO+Cl to the double C=C link to form a 
chlorhydrin. 

The chlorination of phenols by HOCF®® takes place essentially between 
the phenoxide ion Ar—0” and undissociated HOCl; hence phenol ethers 
cannot be chlorinated by HOCl, though they can, readily, by chlorine. The 
rate of chlorination by HOCl is greater, the greater the ionization of 
the free phenol. 

With unsaturated compounds, especially ethylenic derivatives, the 
ohlorhydrins are formed: 

C—C—Cl 

C=C + HO— Cl = 

OH 

In accordance with ‘Markownikoff’s rule’ (1875) the hydroxyl attaches 
itself to the carbon that has least hydrogen"^®®; thus propylene gives 

E. Muller, Z. Elektrochem. 1902, 8, 429. 

O. R. Howell, Proc. Boy, Soc. 1923, 104, 134. See also Moelwyn-Hughes, 
Reactions in Solution, ed. 2, p. 359. 

E. Chimoaga, J,C,S, 1926, 1693. 

’83 J, Weijlard, J.A.C.S. 1946, 67, 1031. 

’8* F. Foerster and F. Jorre, J. prakt, Chem. 1899, [2] 59, 63; F. Foerster, ib. 1901, 
[2] 63, 147. 

’88 F. G. Soper and G. F. Smith, J.C.S. 1926, 1682. 

’86 See A. Michael, J. prakL Chem, 1899, [2] 60, 454; A. Michael and V. L. 
Leighton, Her. 1906, 39, 2167. 
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^-chloro-isopropyl alcohol CH3 CHOH CH2CI; this reaction has been 
much used in the terpene series.^®’ The hypochlorous acid need not be 
made beforehand; the hydrocarbon and the chlorine can be passed into 
water at the same time. This method is now used on a large scale for 
making ethylene glycol from ethylene.The direct addition of chlorine 
may occur at the same time, but this can be diminished by adding 0-1 
to 1 per cent, of certain catalysts, such as cupric or ferric chloride.'^®® For 
the Mnetics of the addition of hypochlorous acid see references 

Salts of Hypochlorous Acid 

The only solid salts of this acid which have been isolated are those of 
some of the alkali metals (Na, K) and alkaline earths (Ca, Sr, Ba); only 
those of sodium and calcium have been accurately characterized. Sodium 
hypochlorite'^forms a hepta- and a pentahydrate, m. pts. 19° and 45°. 
The calcium salt is of special interest in relation to bleaching powder 
(chloride of lime, Chlorkalk), the most technically important derivative of 
hypochlorous acid. The structure of bleaching powder, which is of course 
made by the action of chlorine on slaked lime, has long been disputed. 
Its composition approaches that of CaCl 2 +Ca(OCl) 2 , but it always con¬ 
tains a certain amount (up to 20 per cent.) of free calcium hydroxide. The 
original idea that it is a mixture of calcium chloride and hypochlorite was 
attacked by Odling (1861), who pointed out that it is not hygroscopic, as 
it should be if it contained CaClg; it was also shown later that though 
CaClg is soluble in alcohol, it is not extracted by alcohol from bleaching 
powder. Odling therefore proposed the formula of a double salt Ca(Cl)OCl, 
which has been widely accepted. More recently the question has been 
investigated in great detail,’®^ both by phase-rule investigations and also 
by X-ray examination of the solid phases. The authors do not find Odling’s 
salt in any form; the only solid phases (between 25° and 40°) are: 
( 1 ) Ca(OCl)o 3 aq.; ( 2 ) 3 Ca(OCl) 2,2 Ca(OH)o, 2 HgO; (3) Ca(OCl) 2,2 Ca(OH) 2 ; 
(4) CaCla, 6 H 2 O; (5) CaCk, Ca(OH) 2 , ; ( 6 ) CaCl 2 , Ca(OH) 2 , 12 H 2 O. 

In bleaching powder the chloride seems to be present as the non- 
hygroscopic salt (5), and the hypochlorite probably mainly as a double salt 
(such as (2) or (3)) with the hydroxide. 

Esters of Hypochlorous Acid 

These esters are formed very readily, best by the action of chlorine on 
a cooled solution of the alcohol in about 10 per cent, aqueous sodium 

See for example, G. G. Henderson etal., J,C.S. 1921, 119, 1492; 1923, 123, 1155; 
1924, 125, 102. 

For details of the manufacture see Brit, Chejn. Abstr. 1929, B 805. 

E. D. G. Frahm, Rec. Trav. 1931, 50, 261 (Brit, Chem. Abstr. 1931, A 598). In 
this paper the various methods of preparation aro discussed. 

E. A. Schilov and N. P. Kanzaev, J. Phys,-Chem. Russ. 1934, 5, 654. 

E. A. Schilov, S. N. Soloduschenkov, and A. N. Kurakin, ib. 1939, 13, 769. 

M. P. Appleby, J.C.S, 1919, 115, 1107. 

C. W. Bunn, L. M. Clark, and I. L. Clifford, Proc. Roy, Soc, 1935, 151, 141. 
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hydroxide.They can also be prepared by the action of alcohol on a 
concentrated aqueous solution of HOCl,’®^ or by passing ClgO into the 
alcohol and then precipitating the liquid ester with water. 

They are yellow volatile liquids with a very irritating vapour. Boiling- 
points: CHg-OCl 127726 ethyl 367752 mm. ; tertiary butyl 

79*67750 This last is monomeric both in the vapour and by the 

freezing-point in benzene solution. 

The alkyl hypochlorites are unstable, and explode when brought in 
contact with a flame or exposed to a bright light; in the absence of flame 
or light they all, except the tertiary compounds (which are much more 
stable), decompose fairly easily on standing (e.g. EtOCl undergoes 25 per 
cent, decomposition in ligroin at — 15° in 14 hours), mainly to give the 
aldehyde + HCl. They are less unstable in the complete absence of hydrogen 
chloride. The first product of the action of chlorine on ethyl alcohoF®"^ 
(the ultimate product being of course chloral) is ethyl hypochlorite, which 
then decomposes further to acetaldehyde. Secondary esters decompose in 
the same way to give ketones: 

R-CHg-OCl - R CH-=:0 + HCl 
RRiCH-OCl - RRiC=0 + HCl. 

The tertiary esters, as has been said, are much more stable,no doubt 
because they cannot undergo a similar decomposition without breaking the 
carbon chain; if they are heated this change actually occurs, with the 
production of an alkyl chloride: 

RRiRgC-OCl = RRiC- 0 4-Ra'Cl. 

They will react with olefines, alcohols, and phenols to give chlorhydrin 
esters and ethers,®®^ 

In general the esters, like the free acid, are strong oxidizing and chlorinat¬ 
ing agents. They explode in contact with copper powder, but do not 
attack carbon in the cold. It was shown by St. Goldschmidtthat with 
unsaturated (ethylene) derivatives they usually behave like the acid, 
forming the chlorhydrin 



the hydrogen being presumably derived from casual moisture. Phenyl 
acetylene reacts remarkably with the ethyl ester in carbon tetrachloride 
to give dichloroacetophenone^^^®: 

CeH,.(^C.H —> CeH,.^HCl, 

’»* T. Sandmeyer, Ber. 1885, 18, 1767. ’•» Id., ib. 1886, 19, 869. 

’»• F. D. Chattaway and O. G. Backeberg, J.C.S. 1923, 123, 3000 
Id., ib. 1924. 125, 1097. 

S. Goldschmidt, R. Endres, and R. Diisoh, Ber. 1926, 58, 672. 

’’*» E. L. Jackson, J.A.C.S. 1934, 56, 977. 
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apparently by addition of 2 HOCl followed by loss of water. See further 
for the reactions of ethyl hypochlorite Mousseron.®®^ 


Hypobromous Acid, H—0—Br 

This acid is similar in formation, decomposition, and behaviour to hypo- 
chlorous acid, but the quantitative differences are of special interest. 

Like HOCl, HOBr can be got only in solution, and as it is less stable 
than its chlorine analogue the solution can never be obtained free from the 
decomposition products bromic acid and elementary bromine. HOBr is 
formed by the hydrolysis of bromine, and so is present in bromine water. 
The composition of this solution is complicated by the presence of the 
perhalide ions Br^ and Br^. The amount of HOBr at equilibrium is far 
less than that of HOCl. The equihbrium was examined®®®'^ by the deter¬ 
mination of the electrical conductivity, and of the partition of the free 
bromine between the solution and another solvent (in one case®®® pure 
water, separated from the solution by a layer of air). The results are reason¬ 
ably concordant, and give for the various constants the following values 
at 25°. 

For the hydrolysis proper 

MSlffl = 5.8xlO-‘ 

[Jirg] 

(This constant has a high temperature coefficient): its value x 10® is 
0*7 at 0°, and 11*3 at 35°.®®^ For the perhalide ions Brg and BrJ we have 
at 25° the equilibria 


[Bra] 

[Br^l.fBr"] 


16*0: 


—— = 40-0 «» 


Hence a saturated solution of bromine in water at 25° (0*2141 molar 
in total bromine content) must contain the following concentrations, in 
miUimoles per htre, of the various molecular species: 


Br* HOBr HBr Brj Br^ 

211-8 1-92 1*92 0-26 0-0021 


Hypobromous acid can be made in the same way as hypochlorous, but 
owing to the much less favourable position of the hydrolytic equilibrium, 
and the much more rapid decomposition, the maximum attainable con¬ 
centration is very low. According to Poliak®®® the strongest solution that 
can be made by the action of mercuric oxide on bromine and water is 
0*1 normal, largely on account of the solubility of the mercuric bromide; 


H. T. Comastri, Anal, Asoc, Quirn, Argentina, 1939, 27, 41. 
801 C. F. Irwin and G. F. Hennion, J.A.C,S, 1941, 63, 858. 

*0* M. Mousseron and P. Froger, Btdl. Soc. 1945, [v] 12, 69. 

808 W. C. Bray and E. L. Connolly. J,A,C\S. 1911, 33, 1487. 
804 H. A. Liebhafsky, ib. 1934, 56, 1500. 

806 Grinnell Jones and S. Baeckstrdm, ib. 1517. 

808 F. Poliak and E. Doktor, Z, anorg, Chenu 1931, 196, 89. 
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thoi|gh this is only about 1/15 as soluble as mercuric chloride, it produces 
more effect, because of the much smaller hydrolytic constant. To prepare 
a stronger solution a substance with a less soluble bromide must be used, 
such as silver nitrate; on distillation at 20-25° under 11-12 mm. pressure 
very little of the nitric acid comes over, and a 0-3 normal hypobromite 
solution is obtained. This still contains elementary bromine and as a 
decomposition product bromic acid, of wliich the former can be blown 
away by a stream of nitrogen, but the latter cannot be removed. 

Hypobromous acid is a much weaker acid than hypochlorous, though 
it is much stronger than hypoiodous; K at 20 ° is about 2 x 10 “® (less 
than a tenth of that of HOCl). It undergoes the same two decomposition 
reactions as HOCl: 

( 1 ) 5 HOBr = HBrOa + 2 H^O + 2 Br 2 

(2) 4 HOBr - O 2 + 2 H 2 O + 2 Brg. 

In comparing this with the behavjour of hypochlorous acid, which in both 
of these reactions gives, along with the chlorate or the oxygen, not 
elementary chlorine but HCl, it must be remembered that with bromine 
the hydrolytic equilibrium is so far over on the side of the free element that 
the reaction 

HOX + HX - H 2 O + Xg 

is far more important. 

These two decompositions both occur much more readily than with 
chlorine.®®^ Reaction ( 1 ) is the most important in the dark; it probably 
goes through bromous acid HBr 02 : 

(la) 3 HOBr = HBrOg + HgO + Br^ 

(16) HBrOg + 2 HOBr - HBrOg + Rfi + Brg 

but the bromous acid never attains a measurable concentration. 

In a weakly alkaline solution the rate of formation of bromate is 100 
times as fast as that of chlorate, but 30,000 times slower than that of 
iodate.®®® As with the chlorate the change is due to the interaction of the 
ion with the undirsociated hypohalous acid: 

BrO" + 2 HOBr - BrOg + 2 H+ + 2 Br", 

and in the same way it is greatly accelerated by a rise of temperature, 
which not only raises the velocity constant but also much increases the 
concentration of the undissociated acid, which in the alkaline solution is 
due to hydrolysis. 

The reactions of hypobromous acid and its ions, like those of hypo¬ 
chlorous, consist largely of oxidations and brominations. Copper salts, 
which catalyse the decomposition of hy]:)obromite 8 to bromide and 

80’ M. Kiese and A. B. Hastings, J,A,C.S. 1939, 61, 1291. 

808 E. A. Schilov, ib. 1938, 60, 490. 

•08 H. Kretzschmar, Z. ElelUrochem. 1904, 10, 798. 
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oxygen,®^® also cause the oxidation of manganous ions to proceed to the 
permanganate, instead of stopping at The acid, like HOCl but 

apparently even more so, can add on to C—C; thus®^^ if halogen is 
added to a suspension of finely divided cinnamic acid in water, a mixture 
of the dilialide and the hydroxy-halide or halohydrin is formed, 

<D. CHX. CHX. COOH + O • CH(OH) • CHX • COOH, 

of which the latter is always in excess. With chlorine it is 91 per cent, of 
the whole, and with bromine 98 per cent. 

No solid hypobromite seems to have been isolated, but a bromine 
analogue of bleaching powder is known, which is remarkable for having a 
reddish-orange colour; this is said to be due to the adsorption of bromine 
on the surface of the powder. 

Hypohromous Esters 

Unlike their chlorine analogues these esters have not been isolated, but 
there is abundant evidence that they are formed as intermediate products 
in certain reactions in methyl alcohol solution, in which free bromine, or a 
molecule with a reactive ‘ positive ’ bromine atom (replaceable by hydrogen) 
(see p. 1189), in contact with an unsaturated organic compound, adds on 
Br-fO CHg to the double link. 

Dimroth pointed out that certain brominations go especially well in 
methyl or ethyl alcohol solution,including K. H. Meyer’s bromine- 
titration of enols,®^® and he suggested that in these reactions the real 
reagent is the alkyl hypobromite: thus with enols 

/OH 

—C—OH /Aik —C( —C=0 

II + o( -> I \0-Alk -> [ 

—C— \Br —C—Br —C—Br 


Many unsaturated compounds react with bromine in methyl alcohol to 
give methoxy-bromides, as in water they give hydroxy-bromides.*^* 

Further, many organic compounds containing ‘positive’ bromine can 
replace the bromine in this reaction.®^^»®^^~^® Thus with bromotrinitro- 
methane 

-~CH—CHBr— 

Br. C(N02)3 -f —CH=CH-^ ] + CH(N03)3 : 

O CHg 

P. Fleury, C.R. 1920, 171 , 967. 

K. M. Filimonovitsch, Ainer, Chem, Ahstr, 1931, 25, 6640. 

J. Read and A. C. P. Andrews, J,C,S, 1921, 119 , 1774. 

O. Dimroth, E. Schultze, and F. Heinze, Ber. 1921, 54, 3041. 

E. Schmidt, W. Bartholom^x, and A. Liibke, ib. 1922, 55, 2099. 

J. B. Conant and E. L. Jackson, J.A.C.S, 1924, 46 , 1728. 

E. L. Jackson, ib. 1926, 48 , 2168. 

E. Schmidt, W. v. Knilling, and A. Ascherl, Ber, 1926, 59 , 1279. 

Id., ib. 1876. 
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a reaction like that of tetranitromethane 


C(N0,)4 + —CH=CH— 


—CH—CH(NO*)- 
•Alk 


-or 

I 


+ CH(N0,)3. 


The result can be shown®^®"^ not to be due to the subsequent replacement 
of a bromine in the dibromide by the alkoxy-group. 

Many other compounds with bromine atoms that are replaceable by 
hydrogen behave in the same way, for example the other bromonitro- 
methanes Br2C(N02)2 and Br3CN02®^® (CBr^ is inactive, though it gives 
CHBrg with alkali). The nitro-groups can be replaced by carbonyls, and 

NO^x 

even by carboxy-alkyls, as in ^C(CO OEt )2 and (rather weakly) 

Br/ 

Br 2 C(CO • OEt) 2 ; if they are part of a ring they are more effective, as in 
di-methyl-dibromo-dihydro-resorcin, with the grouping CO—CBrg—CO, 
and even tribromophenol bromide with C=CH—CBr 2 —CH=C—, where 
double links serve the same purpose. The N—Br compounds are of course 
especially active in this way, such as acetobromamide CHg • CO * NHBr.®^’' 
The kinetics of the reaction of bromine on a methyl alcohol solution of 
stilbene CeHs-CH^CH C^Hg were studied by Bartlett and Tarbell.®^* 
They showed that the results could be explained by supposing (on the 
general lines of Robinson’s theory) that the primary reaction is the addi¬ 
tion of one bromine atom to the >C=^^< double link, giving Br” and a 
complex organic cation, which attracts the Br” anion present and also 
reacts with the methyl alcohol, so that there is a competition between these 
two: thus getting the scheme 


O .CH==CH.a) + Br 2 —O CHBr—CH-O) -f Br“ 


Br” 


^CHjOH 




OCH, 

i 


!HBr-€HBr .<D <D • CHBr—CH 4> + 


If SO, the reacti^T^e bromine compound must be able to form a positive 
monobromo-cation, and so leave behind a negative complex 


R*Br -f- 


X- 


R‘ + 



which could then take up hydrogen, i.e. it must contain ‘positive ’ bromine, 
as it is in fact found to do. 


Hypoiodous Acid, HOI 

This acid and its salts are undoubtedly the first products of the action 
of water or alkaUes on iodine; they are also formed by the oxidation of the 
«• K. H. Meyer, Ann. 1911, 380, 212. 

»»» K. Moinel, ib. 1934, 510, 129. •»! Id., ib. 1936, 516, 237. 

P. D. Bartlett and D. S. Tarbell, J.A.C.S. 1936, 58, 466. 

•** E. Schmidt, B. Schumacher, W. Bftjen, and A. Wagner, Ber. 1922, 55, 1761. 
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iodine ion, and by the reduction of iodates and periodates; so far the acid 
is the analogue of hypobromous and hypochlorous acids, but it differs 
from them very markedly, especially in three ways: it is a much weaker 
acid, it is much more readily converted into the halate (iodate), and also 
it is present to a much smaller extent in the hydrolysis of the elementary 
halogen by water. In all these respects (p. 1213) it acts as the last member 
of the series HOCl—HOBr—HOI; but in some its position is so extreme 
that the accurate determination of the constants is very difficult. 

The equilibrium constant for the hydrolysis 

[H OI3dH^]»[l~] 

[I2] 

is about 3 x 10~^^ ^^4-5 . 1^5 qoo of that for bromine, and 0*7 x lO”*® 

of that for chlorine. 

The dissociation constant of hypoiodous acid is very small, and its 
value is very difficult to determine, especially as in any solution contain¬ 
ing iodine ions there must be I 3 and I 5 ions as well. The most probable 
valueof the dissociation constant at 25° is 


[HOI] 


4•5xl0''^^ 


which would make it about 1/70,000 of that of HOCl. The acid is a very 
weak acid, and a very weak base in the sense that it forms compounds 
with groups which are able to act as the anions of acids, though whether 
they are actually ionized in their iodine compounds is doubtful (see later, 
under monovalent iodine derivatives, p. 1242). It can also act as a definite 
base, Tvith Kj, = 3-2 x 10 "^^°. Hypoiodous acid is so unstable that it is 
usually only a transient intermediate product, rapidly changing, even in 
the cold, into the iodate. The free acid is even more unstable than its 
alkaline solution,and neither it nor its salts can be isolated. It is more 
stable in dilute solution, but even then most of it is changed into iodate 
in 15 minutes. The alkaline solution, though it is more stable than this, 
is far less so than that of a hypobromite or hypochlorite: it was found®*® 
that of a solution of potassium hypoiodite more than 30 per cent, had 
decomposed in an hour in the cold (NaOCl is only 60 per cent, decomposed 
after 3 years in solution in the cold). It also has a tendency to be reduced 
to the iodide, which is much weaker than the tendency to go over into the 
iodate but yet is sufficient to make it an even stronger bleaching agent 
than the hypobromite or h 3 q)Ochlorite ions. For the kinetics of the 
hypoiodite decomposition see reference ®*’. 


W. C. Bray and E. L. ConnoUy, J,A.C,S, 1911, 33, 1486. 

MS A. Skrabal, Mon. 1912, 33, 99. 

Id.. Ber. 1942, 75, 1670. 

8*7 For the kinetics of this change see C, H. Li and C. F. White, J.A.C.S. 1943, 
65, 336. 

M« K. J. P. Orton and W. L. Blackman, J.C.S. 1900, 77, 830. 

$114.2 B b 
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Halous Acids, HXO 2 and Halites 
Acids of this type are the least stable of the oxy-acids of the halogens. 
With chlorine there is no doubt of the existence of the salts M[C 102 ], a 
whole series of which have been prepared, and it is at least probable that 
the acid can exist in solution. With bromine neither the acid nor its salts 
have been isolated, but it is quite possible that the salts can occur in 
solution. With iodine there seems to be no reason for assuming the 
occurrence of iodites either as acid or as salts. 

Chlorous Acid, HClOg 

This acid has not been isolated, though numerous salts are known. It is 
presumed®®® to be an intermediate product in the action of water on 
chlorine dioxide: 

2 CIO 2 + H 2 O - HCIO 2 + HCIO 3 , 

but it is rapidly decomposed. Its ions are certainly formed in the analo¬ 
gous action of alkali on the dioxide 

2 CIO 2 + 2 OH~ - H 2 O + CIO 2 + CIO^. 

It can also be made, free from chlorate, by treating chlorine dioxide with 
sodium peroxide or an alkaline solution of 

2 CIO 2 + NagOg - 2 NaClOg + 0^, 

The acid can be got in solution by adding a strong acid to a solution 
of a chlorite; if H 2 SO 4 is added to the barium salt a colourless solution is 
obtained, which, however, begins in 1 minute at 15® or 10 minutes at 0 ®, 
to turn yellow from the formation of chlorine dioxide®®^: 

4 HCIO 2 = 3 CIO 2 -f i CI 2 + 2 H 2 O. 

The solution does not give the yellow colour of ClOg for more than an 
hour if it is completely freed from chloride and hypochlorite ions. 

The acid itself in aqueous solution is colourless, and is shown by the 
minute conductivity to be very weak; but it is much more stable as a salt 
than as an acid, and as it shows this greater stability in sodium bicar¬ 
bonate solution, it must at least be a stronger acid than carbonic.®^® It 
has a strong and rapid oxidizing action, converting, for example, iodide 
into iodate; but the ion [C 102 ]~ only reacts relatively slowly. 

A large number of salts of chlorous acid have been prepared,®®® for 
example those of the alkahes, alkaline earths, amines, Cu", Ag, Zn, Cd, Hg, 
Pb'', Co'", Ni. The solid salts practically all explode when struck or heated, 
but otherwise they are stable in the dark for weeks; our knowledge of them 

W. C. Bray, Z, phyaikal, Chem. 1906, 54, 463, 569; Z. anorg. Chem. 1906, 48, 

217 . 

A. Reychler, BuU. Soc. 1901, 25, 669. 

G. Las^gue, CM, 1912, 155, 158. 

*33 Pqj. 0 ijgt with references see Gmelin, Chlor, 1927, p. 300. 
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is largely due to G, R. Levi et The salts are mostly very soluble, often 
in alcohol as well as in water, especially those of the alkalies and alkaline 
earths. Almost the only exceptions are the salts of lead and silver; the 
solubilities in water in g. per 100 g. solution at 0° are: Ba{C 102)2 30*5; 
Pb(C102)2 0*035; AgClOg 0*17. 

On heating, the salts are converted into a mixture of chloride and 
chlorate; the solution when treated with chlorine is converted into the 
chloride with evolution of 

Bromous Acid^ HBrOg 

It is doubtful whether this acid or its salts exist at all. The acid was 
supposed to be an intermediate product in the conversion of HOBr into 
HBrOg, but Poliak and Doktor have shownthat though it may be 
formed it never attains a measurable concentration. There is rather more 
evidence for the existence of the bromite ion BrOg, though no salts have 
been isolated. The decomposition of the hypobromite ion to BrO^ seems 
to be bimolecular, and perhaps the first stage is 

2 BrO*" = BrO** + Br"”. 

Further,®^’ if in the partly decomposed solution the hypobromite ion is 
removed by ammonium salts or urea, it can oxidize an arsenite in the cold 
in presence of alkali, which [BrOg]” camiot. 

lodous Acid HIO 2 and the iodites do not appear to exist at all. 

Halic Acids^ HXO3 and the Halates, M[X03] 

These are comparatively stable,®^® and are known with all three halo¬ 
gens. On the whole their resemblance is close. They are all strong acids 
(unlike the HOX and HXOg acids) and are strong oxidizing agents. Their 
stability is generally in the order HCIO3 < HBrOg < HIO3, the opposite to 
the order of the hydracids; thus HCIO3 will oxidize HI to the iodate. The 
free acids are extremely soluble in water; they lose water on heating, so 
much so that the first two cannot be obtained in the anhydrous state; 
HIO3 known, as a hygroscopic solid. Iodic acid differs considerably 
from tlie other two (as periodic does from perchloric) especially in its 
tendency to polymerize; there is evidence that in water it is mainly the 
dibasic acid H 2 l 20 e: there are even signs that the 10 3 ion can itself 
polymerize. 

The structure of all three XO3 ions has been determined by X-ray 

See for example, G. Bruni and G. R. Levi, Qaz. 1915, 45, ii. 169; G. R. Levi, 
Atti R. Line. 1922, [v] 31, i. 62, 212; 1923, 32, i. 38, 166, 623; 1930, [vi] 11, 1005; 
1932, 16, 632; Oaz. 1922, 52, i. 207, 417; 1923, 53, 40, 105, 200, 245, 522. 

G. R. Levi and M. Tabet, ib. 1935, 65, 1138. 

88e Y, Poliak and E. Doktor, Z. anorg. Chem, 1931, 196, 89. 

J. Clarens, CM. 1913, 156, 1999. 

*** A. Polesitzki (CM. Acad. ?7.jB.<S'.*S'. 1939, 24, 640) using radioactive Br and T, 
shows that there is no halogen exchange between Br~ and BrO^* or and 10^. 
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examination of the crystals. It is found that the ion is pyramidical, with 
the X atom above the plane of the three oxygens. 

This is supported for CIO 3 by the Raman spectra of aqueous solutions 
of the Ca, Sr, Zn, and Cd, salts, and for BrOa by those of Mg and Zn.®^ 
It is found by X-ray analysis of the a-form of HI 03 ®^^; some of the 
metallic iodates seem to have a more complicated structure. For example, 
KIO3 has each iodine surrounded octahedrally by 6 oxygens (perowskite 
structure).®^® 

Chloric Acid^ HCIO3 and the Chlorates 

Chloric acid cannot be obtained in the pure state, since the aqueous 
solution, if it is concentrated beyond 40 per cent. HCIO 3 (= HCIO 3 , 7 HgO), 
begins to decompose with evolution of chlorine and oxygen, and formation 
of perchloric acid. The acid is usually made by treating a solution of the 
barium salt with sulphuric acid, filtering, and evaporating. 

This concentrated aqueous solution is a colourless, oily liquid, which is a 
strong oxidizing agent, reacting violently with organic materials. 

The dilute aqueous solution of HCIO 3 is quite reasonably stable, and can 
be heated to its boiling-point without decomposition; in the cold it slowly 
decomposes, being mainly convened into the perchlorate. 

Chloric acid is a strong acid, and a strong oxidizing agent, converting 
concentrated hydrogen chloride into chlorine, and iodine into the iodate; 
it is quantitatively reduced by aluminium to the chloride. 

Its salts, the chlorates, are made either by the action of chlorine on hot 
alkali or by the electrolytic oxidation of the chloride ion.®^' In the forma¬ 
tion from chlorine and alkali at any temperature the hypochlorite is 
always the first product, and as long as the solution remains alkaline very 
little chlorate is produced; but as soon as it becomes acid, i.e. as soon as 
undissociated HOCl is present, the chlorate formation becomes rapid.®^® 

Salts of Chloric Acid 

A large number of chlorates are known ; they are mostly very soluble 
in water, the potassium salt being less so than most, especially in the cold: 
the solubilities in g, per 100 g. water are; NaClOg 101 / 20 °; KCIO 3 3*3/0°, 
7*3/20°, 56*0/100°. They are usually prepared from the calcium salt, made 
by passing chlorine into hot milk of lime, by double decomposition. 

R. G. Dickinson and E. A. Godliue, J.A.C.S. 1921, 43, 2045. 

N. H. Kolkineier, J. M. Bid\ oet, and A. Karssen, Z. Phys. 1923, 14, 291 ; 20, 82. 

A. Karssen, Rec, Trav, 1923, 42, 904. 

«« W. H. Zachariasen, Z. KrisL 1929, 71, 517. 

S. V. NAray-Szab6 and J. Pocza, ib. 1942, 104, 28. 

M. Rolla, Qaz. 1939, 59, 779. 

«« M. T. Rogers and L. Helmholz, J.A.C,S, 1941, 63, 278. 

Wells, 6M.(7., p. 273. 

84 7 Pqj. details of the electrolytic methods see Gmelin, Chlorj pp. 214-18. 

F. Foerster and F. Jorre, J. pralU, Chem, 1899, [2] 59, 53; F. Foerster, ib. 1901, 
63, 141. 

For a list with references see Gmelin, Chlor^ p. 339. 
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All alkaline chlorates are decomposed on heating into chloride and 
perchlorate: 

4 KCIO 3 == 3 KCIO 4 + KCl, 

and at the same time to some extent into chloride and oxygen: 

2 KCIO 3 = 2 KCl + 3 Oj. 

With potassium chlorate the first reaction takes place at 395"^, along with 
a little of the second. As is well known, the second of these reactions is 
greatly hastened by certain catalysts, especially manganese dioxide, which 
makes it go just above 200 °. 

Bromic Acid^ HBrOs and the Bromates 

In general, bromic acid resembles chloric acid very closely. It can be 
made by the electrolytic oxidation of bromide solutions, or by the action 
of bromine on water in the presence of bases. In the latter reaction, 
as with chlorine, the first stage is the formation of the hypohalous acid 
HOBr. In the conversion of this into the bromate only a few per cent, 
of oxygen are lost®^®; the reaction is on the same general lines as the 
formation of chlorate or iodate, but ceteris paribus the rate with bromine 
is 100 times as fast as with chlorine, and 1/30,000 times as fast as with 
iodine.®®^ In the electrolytic preparation E. Muller has foundthat if a 
small quantity of potassium chromate is added to the hquid, a nearly 
quantitative yield is got. 

Free bromic acid, like free chloric acid, cannot be obtained in the 
anhydrous state, as its aqueous solution begins to decompose at a certain 
limiting strength, which is nearly the same as for chloric acid, being about 
50 per cent., corresponding to the formula HBrOg, 7 HgO (as with HCIO 3 ). 
Bromic acid is a strong acid, as the electrical conductivity shows.®®* It is 
a strong oxidizing agent; it is rather slow to act, but the ion has nearly the 
same oxidation potential as the chlorate ion. 

The salts of bromic acid are well known; they are easily made, colour¬ 
less, usually hydrated when the valency of the cation is more than 1 ; the 
salts of univalent ions except lithium are anhydrous, Na, K, Tl', Ag, Hg'; 
those of divalent cations are hydrated up to 6 H 2 O; those of the rare- 
earth metals all have 9 HgO. They are usually easily soluble, the potassium 
salt, however, being an exception. On heating they decompose to oxygen 
and the bromide (or with less positive metals to the oxide and free 
bromine); some, such as the NH 4 and Pb'' salts, are explosive. The rare- 
earth salts are mostly well defined, and have been found useful in separa¬ 
ting these elements. ®®® Some of the solubilities, in g. anhydrous salt in 100 g. 
solution (for references see Gmelin, p. 324) at temperatures of 18-25° are: 

8*® A. Skrabal, Sitzb, Wien. Akad. 1907, 116, 215; 1911, 120, 27. 

881 H. Kretschmar, Z. Elektrochem, 1904, 10, 879. 86a jb. 1899, 5, 469. 

858 Ostwald, J, prakt. Ckem. 1886, [2] 32, 311. 

884 Foj* a list, with crystallographic and other properties, including solubilities, 
see Gmelin, Brom, pp. 323-4. 

888 See, for example, J. K. Marsh, J.C.S. 1929, 2387. 
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Li, H 2 O 60-5; Na, 27-7; K, 6-45; Tl, 0 * 345 ; Ag, 0*192; Mg^ 6 HgO 42; Ca, 
H 2 O 63; Sr, HgO 30; Ba, HgO 0*652; Zn, 6 H 2 O 59; Pb^ HgO L32. 

The ion has the same shape as 0103 -®^® 

Iodic Acid and the lodates 

Iodic acid can be made by the action of water on iodine pentoxide; by 
the oxidation of iodine with nitric acid, or with chlorine if the HCl formed 
is removed with silver oxide; by the action of a strong acid on an iodate; 
or by the action of a chlorate on iodine. 

It is a colourless, dimorphic solid; there is also a so-called ^anhydro- 
acid’ HI 3 O 8 . HIO 3 is extremely soluble in water, the saturated solution 
containing 76*3 per cent, of acid at 25°, and 86 per cent, at 110°, where the 
solid HIO 3 changes with partial melting into HlgOg; at 195° this latter 
goes over into I 2 O 5 and water. 

Iodic acid is a strong acid, but in many ways it behaves as if it were 
polymerized. Though the evidence on this question is to some extent 
conflicting (see, for example, Gmelin, lod, p. 490) the most probable 
conclusion is that the anion of the ordinary iodates is the simple IO 3 : 
that iodic acid in dilute solution has the simple formula H[I 03 ] and is a 
.strong electrolyte; but that at higher concentrations the free acid poly¬ 
merizes to a considerable extent, and is at least a dibasic acid H 2 I 2 O 8 . 

The iodates MIO 3 behave in solution in most ways like chlorates and 
bromates.®®^ But there is a series of acid salts, such as (NH 4 )Hl 20 fl and 
KH 2 I 3 O 9 , which suggest polymerization.* and also the free acid behaves 
in a curious way. The freezing-points of the aqueous solution of the acid 
indicate a van’t Holf 'i' dilfering but little from 1 over a large range of 
concentrations from high values down to 3 per cent, which for a highly 
ionized acid is not compatible with a formula HIO 3 (for which i should be 
nearly 2 ), but it is compatible with a highly ionized dibasic acid H 2 l 20 e, 
for which i would be one-half of 2 to 3—^i.e. from 1 to 1*5.®®® So too the 
molecular conductivity at F = 2 is only half that of chloric acid.®®^ But 
in dilute solution®®® the ionization is as complete, or almost as complete, 
as that of HCl. 

Weitz and Stamm®®® claim to have shown that in other ways also iodic 
acid behaves like a dibasic acid. Their evidence, however, refers not to the 
free acid but to the ions of its salts, which seem unlikely to polymerize; 
and it has been shown®®^ that some of their effects are confined to very 
concentrated solutions. 

♦ These peculiarities of the iodates are also shown in their crystal structure: 
see references 

W. H. Zachariasen, Phys, Rev, 1931, [2] 37, 105. 

A. Rosenheim and O. Liebknecht, Ann, 1899, 308, 40. 

E. Groschuff, Z, anorg, Ckem, 1905, 47, 331. 

C. A. Kraus and H. C. Parker, J,A,0i.8, 1922, 44, 2439. 

E. Weitz and H. Stamm, Ber, 1928, fej, 1144. 

H. B. Weiser and E. B. Middleton, phys, Chem. 1920, 24, 60. 
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A curious difference between the ions of iodic and those of chloric or 
bromic acids has been stated by Hevesy®®^; the diffusion coefficients of 
ions are roughly proportional to the reciprocal of the electrovalency, pre¬ 
sumably owing to the increase with the charge of the size of the solvated 
ion. The only exceptions among monobasic anions seem to be F”” and 
IO 3 . The values for the ionic mobilities at 18°, which for univalent ions 
are proportional to the diffusion coefficients, are given below: the dif¬ 
ference for the iodate, though not large, is quite perceptible; the values for 
the simple halide ions show the small effect of the atomic number of the 
halogen in that series: 

Ionic Mobilities at 18° 



cio~ 

BrO~ 

IO“ 


550 

48*2 

33 8 

F“ 

cr 

Br“ 

I~ 

46-6 

65-5 

67-7 

66*6 


This effect, unlike those of Weitz and Stamm, seems to show that the ion 
behaves not like a divalent ion I 2 O 6 , but rather like an ion 10 3 with a 
charge greater than 1 . If the differences in mobility are significant, the 
IO3 ion must be exceptionally large in its hydrated form. This may well 
be so: the behaviour of periodic as compared with perchloric acid shows 
that iodine compounds tend to assume a high covalency (and so presum¬ 
ably a greater degree of solvation) than their bromine and chlorine 
analogues. 

A further indication of this power of combination in the 10 3 ion is given 
by the existence of acid iodates of the general types MI 03 +n(HI 03 ), 
or and of compounds of the IO 3 ion with other acidic oxides 

such as SeOg and M 0 O 3 . 

The iodates are much more stable than the chlorates and bromates, 
but they will explode if mixed with carbon or organic material and heated; 
they are also far less soluble in water. Sodium iodate occurs in nature in 
Chile saltpetre, which is the chief source of iodine. 

The iodate ion oxidizes hydrogen iodide to iodine and water 
10” + 5 I” -f 6 - 3 HgO + 3 

This reaction needs the presence of free hydrogen ion, and so can be used 
to estimate this, especially when the solution must not become alkaline 
during the titration, as with some keto-enolic tautomers. 

A large number of complex salts are known which contain iodic acid 
or its anion; examples are KHSO4, KIO3 ; 2 KIO3, 2 Se 03 , HgO; and 
others. For the crystal structures of iodates see further references 

G. V. Hevesy, Z, physikal. Chem. 1930, 149, 474. 

U. Croatto and G. Bryk, Oaz. 1941, 71, 690. 

W. H. Zachariasen, Skr, Akad. Oslo, 1928, 4, 99. 

W, H. Zachariasen, and F. A. Barta, Phys. Rev. 1931, 37, 1628 (LilOg). 

M. T. Rogers and L. Helmholz, J.A.C.S. 1940, 62, 1637. 

C. H. MacGillavry and C. L. Panthaleon van Eck, Rec. Trav. 1943, 62, 729. 

I. N4ray-Szab6 and J. Neugebauer, J.A.C.S. 1947, 69, 1280. 
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Fluoroiodic Acid^ HIOgFg 
Salts of this acid can be made by dissolving iodates (as KIO 3 ) in con¬ 
centrated hydrofluoric acid, when they crystallize out. The iodine atom 
has the valency decet 2 , 8 if we write it F 2 l(-> 0 ) 2 . Helmholz and 
Rogers®®® have examined the crystal structure of KIO 2 F 2 . They find that 
the anion has the distances 1—O 1*93; I—F 2 00 (theoiy I—O 1-99; 
I—F 1-97). The shape is that of an octahedron with two m-places vacant, 
the F—I—F angle being 180®, and the two O’s in a plane perpendicular to 
this, with the 0 —I—O angle 100 ® [this is very near to the expected value, 
of a trigonal bip 3 a*amid with two polar F atoms, and two equatorial 
O atoms, with O—I—O 120 ®]. Compare the structure of tellurium 
tetrachloride (VI. 992). 

Perhalic Acids, HXO4 or H5XO6 
Only chlorine and iodine give acids of this type. The absence of a 
perbromic acid HBr 04 is one of the examples of the reluctance of elements 
in the first long period to assume covalencies which are reached by their 
neighbours both above and below; other examples are the absence of 
hexahalides of chromium and of a pentachloride of arsenic (see p. 791). 

The two members of this series of acids which do occur are strikingly 
dilferent from one another. Perchloric acid shows no tendency to form an 
* ortho’-acid of higher basicity by combination with water, as meta- 
phosphoric HPO 3 forms the ortho-acid H 3 PO 4 ; the hydrates which per¬ 
chloric acid forms are really hydronium salts, as (H 30 )[C 104 ]. On the other 
hand, periodic acid scarcely reacts in the simple HIO 4 form at all, but 
nearly always as H 5 IO 3 (as telluric reacts as HeTeOg). 

Perchloric acid is the strongest of the ordinary ‘strong’ acids, and 
remains ionized in solvents of smaller ionizing power than water, in which 
nitric and even hydrochloric acid go into the covalent state.®®® ’® 

Perchloric Acid, HCIO4 

Perchloric acid®’^ and its derivatives occur in two forms, a stable 
ionized state, and an unstable and often explosive covalent one. The 
anhydrous acid belongs (at least mainly) to the latter type, and the 
hydrated acid to the former; according to Abegg ‘ there is probably no 
acid which differs so much as this does in its anhydrous and in its hydrated 
states’. The anhydrous acid can be made from the aqueous solution by 
distillation under reduced pressure, but it is better to distil a mixture of 
KCIO 4 , or the concentrated aqueous acid, with sulphuric acid, which last 
must be from 90 to 92 per cent, acid, as a stronger acid decomposes the 
perchloric acid. Pure HCIO 4 melts at — 112 °, and according to Hantzsch 
the extrapolated boiling-point is about 130°. It can, however, be distilled 
only in vacuo, and like H 2 SO 4 it breaks up to some extent into the anhydride 

A. Hantzsch, Z, Elektrochem. 1923, 29, 221; Ber. 1927, 60, 1939. 

Id., Z, physikaL Chem, 1928, 134, 406. 

For heat of formation see 0. F. Gk>odeve and A. E. L. Marsh, J,C,S, 1937, 1816. 
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CI 2 O 7 and water (really the hydrated acid),®'^^ the distillate containing 
about 57 per cent, of anhydride. If it is heated under ordinary pressure it 
breaks up into water, oxygen, chlorine dioxide, etc., often explosively 
(see further ref. It is a colourless liquid, rather more mobile than 
water; it is unstable, and on keeping, even in the cold, soon begins to 
decompose. It is a violent oxidizing agent; with organic materials such as 
wood and paper, and with most organic compounds, the anhydrous acid 
reacts explosively. 

Perchloric acid reacts vigorously with water; it gives a series of six solid 
hydrates, some of which form solid solutions with one another. These 
compounds, with their melting-points, are®*^^: HCIO 4 , — 112 °; HCIO 4 , H 2 O 
-f50°; HCIO 4 , 2 H 2 O -17*8°; HCIO 4 , 2-5HgO -29-8°; HCIO 4 + 3 H 2 O, 
(a) —37°, (b) —43-2°; HCIO 4 -f3*5 HgO —41-4°. The most remarkable 
of these is the monohydrate, melting more than 160° higher than the 
anhydrous acid; it is very stable, and can be heated nearly to its boiling- 
point ( 110 °) without decomposition ; the liquid is 10 times as viscous as 
the anhydrous acid. It forms a hygroscopic solid, which has practically 
the same crystal lattice as ammonium perchlorate, showing that it reaUy 
is the hydronium salt (H 30 )[C 104 ]. Its saturated solution in water at 25° 
contains 27 per cent, by molecules or 65 per cent, by weight of the acid. 

In aqueous solution perchloric acid is practically completely dis¬ 
sociated, and its properties, apart from the acidity, are those of its salts, 
i.e. of the perchlorate ion. This ion is remarkable for its extreme stability; 
it is not reduced by SOg, HgS, HCl, or HI, nor by metallic iron or zinc 
(which merely form their perchlorates with evolution of hydrogen), nor 
by aluminium or nitrous acid: nearly all of these reagents will reduce 
chloric acid. It is, however, reduced by trivalent titanium in acid solution, 
by some of the lower valencies of vanadium and molybdenum, and slowly 
by chromous salts. 

We may consider first the constitution of the acid itself. CIO4 is a very 
stable ion, extremely reluctant to go over into the covalent state; its 
structure is well established; the four oxygen atoms are joined by single 
co-ordinate finks to the central chlorine (with the usual possibility of 
resonance with C1=^0), and arc arranged tetrahedrally round it. The great 
stability of this molecule, so far exceeding even that of its immediate pre¬ 
decessor CIO3, may be due to the symmetry, and to the fact that the 
chlorine atom has all its valency electrons shared, and is surrounded on all 
sides by the oxygens, which, as their refractivity shows, are very resistent 
to deformation, and hence are slow to form covalent finks. The covalent 
form (which is ^ 

t 

H—O—Cl-^O 

i 

H. J. van Wyk, 2. amyrg. Chem. 1902, 32, 115; 1906, 48, 1. 

W. Dietz, Angew. Chem. 1939, 52, 616. 
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shown by its Raman spectrum to have the four oxygen atoms still tetra- 
hedrally arranged, with the hydrogen attached to one of them®*^^'®^®) is 
very much less stable (the esters are even less stable, being among the most 
explosive substances known). This instability is proved by the way in 
which the acid always dissociates when there is anything present which can 
take up its hydrogen, since a ‘naked’ hydrogen ion cannot exist. Thus it 
will convert nitric acid into what was supposed to be the nitronium 
base [H 2 N 03 ]-[C 104 ]®^^ but is probably a mixture of [N 02 ]C 104 and 
[H 30 JC 104 , and even compel the reluctant hydrogen fluoride to solvate its 
hydrogen ion, in [H 2 F]*[C] 04 ] (p. 1110). 

The covalent form has a series of Raman linesquite diSerent 
from those of the CIO4 ion, and some of them identical with lines of 
01207 .®^® The arJiydrous acid shows these covalent lines with none of the 
lines of CIO4, indicating that there is no association (as the low viscosity also 
suggests), and no formation of an acidium cation such as in [H2CIO4] • [CIO4]. 
On addition of water the CIO 4 lines first appear at 97 per cent., but the 
HCIO4 lines continue down to about 75 per cent, acid,®’®"® though 
[H3O] • [CIO4] corresponds to 85 per cent, acid; hence the fused oxonium 
perchlorate must contain some of the covalent acid. 

Perchlorates 

The general properties of the perchlorate ion have already been described, 
but the salts have a variety of peculiarities which are worth considering. 

The first point—as with most salts—^is the solubility.®’® The per¬ 
chlorates are remarkable in that they arc practically all either excessively 
soluble, or only sparingly soluble, in water; the salts that form hydrates 
all belong to the first class (average of 15, 62/25°),* and those that do not, 
including the salts of organic amines though not that of ammonium, to the 
second (average of 8 , 5*0/25°). Of the alkaline salts those of lithium and 
sodium are hydrated and very soluble (37*4 and 67*7 at 25°), while those 
of potassium, rubidium, and caesium are anhydrous and only slightly 
soluble ( 2 * 02 , 1*32, and 1*93 at 25°). The amines usually form very 
insoluble perchlorates, and for this reason the acid is often used in organic 
chemistry for their separation. 

Many of these perchlorates are as remarkable for their solubilities in 
oxygen-containing organic solvents as for those in water. The following 
table, taken largely from the work of Willard and Smith,®®® gives some of 
the values. 


* Solubilities are expressed as usual in g./lOO g. water. 

A. Simon and H. Reuther, NcUurwiss. 1937, 25, 477. 

D. R. Gk)ddard, E. D. Hughes, and C. K. Ingold, Nature, 1946, 158, 480. 
A. Simon, H. Reuther, and G. Kratzsch, Z. anorg. Chem, 1938, 239, 329. 
A. Hantzsch, Btr. 1925, 58, 941. 

R. Fonteyne, Naturwet. Tijds, 1938, 20, 112. 

See especially Gmelin, Chlor, 1927, p. 397. 

H. H. Willard and G. F. Smith, J.A.C.S. 1923, 45, 286. 
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Solubilities of Perchlorates at 25° (gflOO g. solvent) 


Salt 

Water 

MeOH 

Eton 

Acetone 

Ethyl 

acetcUe 

Ether 

LiC 104 

27*2 

64*6 

60*3 

57*7 

48*8 

53*2 

LiC104, 3 HjO . 


61*0 

42-2 

490 

26-4 

0*196 

NaClO* 

67-7 

.33 9 

12 8 

341 

8*80 

0 

KCIO 4 

1*32 

0105 

0012 

0155 

0*0015 

0 

CSCIO 4 

1*93 

0*093 

0011 

0150 

0 

0 

Mg(C104)a 

49*9 

34* 1 

19-3 

3002 

41*5 

0*29 

Ca{C 104 )a . 

65*4 

70*4 

62*4 

38*2 

43*1 

0*26 

Ba(C 104 )a . 

66*5 

68-5 

55*5 

55*5 

530 

0 


The anhydrous perchlorates of the alkali metals and of some amines are 
dimorphic; they change on heating from the ordinary rhombic to a regular 
form, at lower temperatures the larger the cation®®^: for example, Na 308°, 
K 300°, Rb 279°, Cs 219°, NH 4 240°. X-ray photographs indicate that this 
is due to the rotation of the anions at the higher temperatures.®®^ 

The strong aflSnity of some of these salts for water makes them valuable 
as dehydrating agents. This is especially true of the magnesium salt, which 
is used commercially for this purpose. Mg(C 104)2 occurs in the anhydrous 
form, and also forms hydrates with 2, 3, 4, and 6 molecules of water.®®®“^ 
The hexahydrate melts at 146°; in a month in the cold over P 2 O 5 it is con¬ 
verted into the trihydrate, and this, if it is heated in dry air at 170-250°, 
loses the rest of its water and forms the anhydrous salt.®®® This is as good 
a drying agent as phosphorus pentoxide; even the trihydrate is as effective 
as P 2 O 5 at 0 °, though not at higher temperatures.®®® 

The perchlorates are remarkably stable to heat, as is shown by the 
methods which can be used for their dehydration, and the alkaline per¬ 
chlorates will stand temperatures of 300° (Li) to 400° (K) without decom¬ 
position. 

The most remarkable of the perchlorates is the silver salt.®®®"*^ This salt, 
in spite of having a univalent cation, is extremely soluble in water, the 
saturated solution containing 74 per cent, of the salt at the cryohydric 
point of —58*2°, and 84*8 per cent. (557 g. to 100 of water) at 25°®®^“®; in 
60 per cent, aqueous perchloric acid this is reduced to 5-63 per cent, (one 
fifteenth). It forms a monohydrate AgC 104 , HgO which is stable from the 
cryohydric point up to 43°.®®’ It is also soluble in many organic solvents 
free from oxygen, including hydrocarbons with many of which it forms 

D. Vorlander and E. Kaascht, Ber, 1923, 56, 1157. 

C. Finbak and O. Hassel, Z. physikal, Chem. 1936, B 32, 130. 

H. H. Willard and G. F. Smith, J,A.G.S. 1922, 44, 2255. 

J. H. Yoe, R. W. McGahey, and W. T. Smith, Ind, Eng, Chem. 1928, 
20, 656. 

G. F. Smith, O. W. Rees, and V. R. Hardy, J.A.C.S. 1932, 54, 3513, 

A. E. Hill, ib. 1921, 43, 254, 

Id., ib. 1922, 44, 1163. 

G. F. Smith and F. Ring, ib. 1937, 59, 1889. 
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solid compounds.* Some of the values are given in the table that follows, 
with the compositions of the solid phases present.®®*'®®®"®^ 


Solubilities of Silver Perchlorate at 25° 


Solvent 

Watei^ 

Aniline 

Pyridine 

Benzene^ 

Toluene^ 

G. salt to 100 g. solvent . 

677 

6*3 

26*4 

6-3 

101 

Mols. salt to 100 mols. 






solvent 

48-2 

2*42 

100 

203 

44*8 

Solid phase 






(S = AgClOJ . 

S, HjO 

S, eO NHa 

s, 4 py. 

S, C.H, 

(S, 

below 22.6°) 


a = 888, h = 8B», c = 89* 


The much greater solubility in toluene than in benzene suggests that the 
toluene compound is very stable in solution. These solid compounds are all 
liable to explode, especially the benzene compound, which, though normally 
stable up to 145°, sometimes explodes with great violence when struck, 
even in the cold.®®® Silver perchlorate is also easily soluble in glycerol, 
acetic acid, nitromethane (see later), nitrobenzene, and chlorobenzene. 
In benzene solution it is monomeric (by the freezing-point) when dilute, 
but as the concentration increases it polymerizes up to 2 or 3 times.®®* 
In the same way the dipole moment increases greatly with dilution; in 
n/200 solution it is already high, being 4-70 D at 25°,®®^ but on further 
dilution to w/5000 it increases to 10*7 D,®®* which is very nearly the theo¬ 
retical value for the ion-pair [Ag] [CI 04 ] (4*80 x 2*25 = 11'9).®®*-* This 
strongly suggests that at these very low concentrations the salt is present 
as ion-pairs, which as the concentration increases collect together into 
larger aggregates, with a fall in the molecular polarization, as occurs with 
many quaternary ammonium salts in chloroform (Walden) or in benzene.®®^ 

Silver perchlorate is readily soluble in nitromethane (in which most salts 
wiU not dissolve), and the solution has a high conductivity,®®’ so that in 
this solvent (with the dielectric constant 37) the ions seem to separate. 

Lead perchlorate Pb(C 104)2 is said®®® to be readily soluble in organic 
solvents; but the alcoholic solution exploded so violently that the salt was 
not further investigated. 

* But benzene will not extract a perceptible amount from an aqueous solution 
weaker than 2-3-normal, which shows that such solutions have no measurable 
concentration of unionized salt. 

888 A. E. Hill, J,A.C,S. 1922, 44, 1163. 

88 « A. E. HUl and R. Macy, ib. 1924, 46, 1132. 

881 R. Macy, ib. 1925, 47, 1031. 

888 A. E. HiU and F. W. MiUer, ib. 2702. 

883 S. R. Brinkley, ib. 1940, 62, 3624. 

88 * J. W. Williams, Phys, Z. 1928, 29, 174. 

888 G. S. Hooper and C, A. Kraus, J.A.C.S. 1934, 56, 2266. 

888 W. F. Luder, P. B. Kraus, C. A. Kraus, and R. M. Fuoss, ib. 1936, 58, 266. 

887 C. P. Wright, D. M. Murray-Rust, and H. Hartley, J,C,S» 1931, 199. 

888 H. H. Willard and J. L. Kastner, J.A.C.S, 1930, 52, 2391. 
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The perchlorates of the diazonium bases are readily made®®®; they are 
relatively insoluble in water (most diazonium salts are extremely soluble), 
for example the phenyl compound 1 *4 per cent, and the o-tolyl 0*82 per cent, 
at 0 °; unlike the diazonium salts of some other strong acids, such as 
fluoroboric, they are violently explosive. 

A nitrosyl salt [N0] [C 104 ] can be made®®^^ by heating the very con¬ 
centrated acid with nitrous fumes. It is fairly stable, and does not decom¬ 
pose below 108°. It is decomposed by water with evolution of brown 
fumes; in solution in nitromethane it has the high conductivity of a salt. ®®^ 

Owing to the exceptional tendency of perchloric acid to ionize (i.e. to 
its great strength) it can form normal salts (BH) [CIO4] even with very 
weak organic bases such as isatin or azobenzene, and as these are usually 
only slightly soluble they are often used to purify and separate such bases. ®®^ 
The effect of aryl groups in weakening the basicity of ammonia, i.e. its 
tendency to go into the quaternary ammonium cation, culminates in the 
triaryl amines, which have scarcely any basicity left, and form no normal 
salts except the perchlorates, [ArgNH] • [CIO4]. But there is also a series of 
abnormal ‘ tetravalent ’ nitrogen salts of the type [ArgN] • [CIO4], which are 
odd molecules. If tritolylamine is treated with an ethereal solution of 
silver perchlorate and iodine (which perhaps contains the CIO4 radical: 
see p. 1207), a deep blue solution is formed, from which the violet salt 
[T 0 I 3 N] • [CIO4] separates.®®®"^ It melts at 123°, and only explodes above 
this; it is not very soluble in water, but gives a blue solution, which has 
the reactions of the perchlorate ion, and precipitates insoluble per¬ 
chlorates. 

Perchloric Esters 

The ethyl ester was made by Hare and Boyle in 1841, and then by 
Roscoe in 1862,®®^ in both cases by distilling barium ethyl sulphate with 
barium perchlorate; Hare and Boyle say that it is incomparably more 
explosive than any other known substance, which still seems to be very 
nearly true. Later work®®® shows that this method of preparation is the 
best, though others can be used, such as the action of the alcohol or of 
diazomethane on the anhydrous acid, or of the alkyl iodide on the dry 
silver salt. Meyer and Spormann®®® say that the explosions of the per¬ 
chloric esters are louder and more destructive than those of any other 
substance; it was necessary to work with the minimum quantities, under 
the protection of thick gloves, iron masks, and thick glasses, and to 
handle the vessels with long holders. 

They thus made the methyl (b. pt. 52°), ethyl (b. pt. 89°), and propyl 

K. A. Hofmann and H. Arnoldi, Ber, 1906, 39, 3146. 

K. A. Hofmann and A. Zedwitz, ib. 1909, 42, 2031. 

A. Hantzsch and K. Berger, Z. anorg. Chem, 1930, 190, 321. 

K. A. Hofmann, A. Metzler, and K. Hobold, Ber, 1910, 43, 1080. 

E. Weitz and H. W. Schwechten, ib. 1926, 59, 2307. 

Id., ib. 1927, 60, 546. H. E. Roscoe, Ann. 1862, 124, 124. 

J. Meyer and W. Spormaiin, Z. anorg. Ohem. 1936, 228, 341. 
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esters. These esters are miscible with alcohol or ether, and are insoluble 
in water but are slowly hydrolysed by it.®®^ 

The very peculiar trichloromethyl ester CCI3 O CIO3 is formed by the 
action of silver perchlorate on carbon tetrachloride at the ordinary 
temperature, in presence of a little hydrogen chloride.®®®'® The pure salt 
does not react with the pure liquid even in months, but if even as little as 
1 part of HCl to 4,000 of AgC 104 is added a slow reaction occurs in the 
cold, giving some 60-70 per cent, yield of this ester in 3 weeks. 

CCl 3 0 *C 103 is a colourless, mobile liquid melting at — 65^", and stable 
enough to be distilled in vacuo ; it is so explosive, that it can only be made 
in minute quantities, and could not be completely purified. It begins to 
decompose at 40°; it is miscible with COI4 ; it reacts with ethylene dibromide 
and phosphorus oxychloride. Molecular weights by the freezing-point in 
CCI4 were 3 times that of the simple ester, but the material was only about 
90 per cent, pure; the analysis is that to be expected for a mixture of 
CC 13 -C 104 with about 5 per cent, of CCI4. 

It is evident that the exceptionally explosive character of the alkyl 
perchlorates is due partly to the instability of the covalent form of the 
perchlorates, which is shown by the anhydrous acid, and partly to the 
extra energy of decomposition provided by the alkyl group, owing to 
the excess of oxygen in the CIO 4 , which has one more atom of oxygen than 
is needed for the combustion of a methyl group: 

2 CH 3 .CIO 4 -3 H 2 O + 2 CO 2 + CI 2 + JOg. 

The general relations are much the same as with nitric acid and the nitrates, 
except that with the perchlorates the explosions are much more easily 
produced, and much more violent when thej^ occur. 


Periodic Acid 

While HCIO4 shows no tendency to increase its basicity by hydration 
(e.g. to give H 3 CIO 6 or H 5 CIO 6 ), periodic acid is more stable in the form 
HsIOe (less correctly written HIO4, 2 H2O), though the simple form HIO4 
occurs also, both as the free acid and in the salts. The relation of this acid 
to perchloric is exactly like that of telluric to sulphuric and selenic acids, 
but the difference is less marked in Group VII; the simple form being 
better known and more stable with iodine than with tellurium. The 
effective atomic numbers and tlie valency groups of the central atoms are 
identical in Groups VI and VII: 


H— 0 \ /fO 

H-Xo 


Val. Gp. 
Se: 8 


H- 


-0—Cl^O 

\o 


Val. Gp. 
Cl: 8 


For more of these esters see K. A. Hofmann, A. Zedwitz, and H. Wagner, 
Her. 1909, 42, 4390. 

•®* L. Birckenbaish and J. Goubeau, Naturwisa, 1930, 18, 630. 

«• Id., Ber. 1931, 64, 218. 
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H—0\ yO—E 
H—O^Te^O—H 
H—CK \0—H 


Val. Gp. 
Te:12 


H—0\ yO—E 
H—OAI^O—H 
H—q/ ^0 


Val. Gp. 
1:12 


The change must be due to an increase in the relative stability of the 
higher covalency in the heavier element. 

Periodic acid is much weaker than perchloric, and as a result of the 
number of hydroxyl groups, and their small ionizing power, tends to form 
condensed acids, such as the ‘pyro’ acid H 4 I 2 O 9 , of which a series of salts 
is known. 

Free periodic acid is made from its salts, and since these are stable to 
heat, many of their methods of preparation depend on the use of high 
temperatures. Periodates can be made by igniting the iodates of the 
alkaline earths or of many heavy metals: 

5 Ba(I03)2 - Ba,(I0e)2 + 4 + 9 O^: 

or by igniting a mixture of sodium peroxide and iodine, or of barium 
peroxide with barium iodide or iodine: or even by heating barium or 
sodium®^® iodide in the air. A common method of preparation is in the 
wet way, by the oxidation of an iodate (or of iodine and an alkaline hydrox¬ 
ide) with chlorine. The free acid can be made by the action of sulphuric 
acid on the lead or barium salt, or of hydrochloric acid on the silver salt. 

Periodic acid occurs certainly in two and probably in three forms, all 
of which are colourless. When the aqueous acid is evaporated the ‘ ortho 
acid HsIOe crystallizes out. If this is heated to 100 ° under 12 mm. 
pressure it loses water and goes over into the meta-acid an 

intermediate product of the composition H 4 I 2 O 9 is formed at 80°.®^^ On 
further heating, the meta-acid HIO 4 is not converted into its anhydride 
I 2 O 7 , which does not seem to exist, but it begins to sublime at 100 °, and 
at 138° it loses oxygen and is converted into iodic acid HIO 3 . The ortho¬ 
acid H 5 IO 3 melts at 122 °; it is hygroscopic, and is readily soluble in water, 
the solubility being 112/25° it is readUy soluble in alcohol, and less so 
in ether. That the ortho-acid really has the 6 -covalent structure and is not 
a hydrate HIO 4 , 2 HgO, is proved by the numerous salts (see next section) 
in which two or more of the hydrogen atoms are replaced by metals, and 
also by the infra-red spectrum which contains no HgO bands. 

Periodic acid is not nearly so strong an acid as perchloric, even in water. 
The ortho-acid HsIO^ is for practical purposes a dibasic acid, with a first 
dissociation constant of about 0-023 (dichloracetic acid has K = 0*05), and 
a second of the order of 10 "*®.®^® Hence it loses its ‘ activity ’ as an acid very 
readily, even in alcohol (in sharp contrast to HCIO 4 ). 


E. Zintl and W. Moraweitz, Z, anorg, Chem. 1940, 245, 20. 

A. B. Lamb, Amer. Chem, J. 1902, 27, 135. 

J. R. Partington and R. K. Balil, J,C.S. 1934, 1088. 

A. E. Hill, J.A.C.8, 1928, 50, 2678. 

A. E. van Arkel and C. P. Fritzius, Rec. Trav. 1931, 50, 1043. 
N. Rae, 1931, 876. 
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Periodic acid is easily reduced to iodic acid by hydrochloric, sulphuric, 
or sulphurous acids, or hydrogen sulphide; most organic substances are 
oxidized by the solid periodic acid at once. It is found that while simple 
alcohols and mono-hydroxy-acids are not oxidized by the acid in the cold, 
a-diols (containing the group —C(OH)—C(OH)—) readily give ketones 
and acids. 

All attempts to prepare an ester of periodic acid have failed.®^’ Pre¬ 
sumably the alkyl periodates are even more unstable than the per¬ 
chlorates. 

Periodates 

Periodic acid readily gives condensed forms, with several iodine atoms 
in the molecule. Except for the pyro-acid H 4 l 204 ®^^ these are only known 
in the form of salts, of which the following are among the more important 
types: HglOg ortho, M4I2O9 pyro, M3IO5 meso, MglgOn di-ortho, M'I 04 
meta. 

The conversion of one fotm into another is usually easy and rapid. In 
water all these salts are considerably hydrolysed, and as a rule the salts 
separating from water have not got more than two of their hydrogen 
atoms replaced by metals. In the absence of water the higher salts are 
relatively stable, especially to heat, the ortho more so than the meta. It 
is remarkable that while many periodates are converted by heat into 
iodates, certain iodates (for example, the barium or sodium salt) if ignited 
in air are converted into the periodates.®^® 

In striking contrast to the perchlorates, the periodates are as a rule only 
slightly soluble in water. The study of the 3-component systems alkaline 
hydroxide, I 2 O 7 , HgO at 25® ®^® shows that the solid phases at this temperar 
ture are with sodium, NaI 04 3 HgO (= NaH 4 lOe, HgO); NagHglO^; 
NagHglOg. Withpotassiumthey areKI 04 andK 4 l 209 , 9 H 2 O (= KgHglOg, 
3 HgO). There seems to be no tendency to produce addition compounds 
of the salt and the acid—‘acid ’ salts like the acid iodates, such as KHl 20 e; 
on the contrary, the solubility of the periodates is decreased by adding 
periodic acid. The solubilities of some of these salts, in g. of anhydrous 
salt to 100 g. solvent, are as follows; those of the corresponding per¬ 
chlorates are added below them: 



NaI04, 3 HjO 1 

KIO, 

RblO^ 

CSIO4 

(NH.)I04 

KJaOg.OHjO 

MC104 


0-61/26° 

2-02 

0-65/13° 

1‘62 

215/16° 

1-93 

2-70/16° 

19-95 

12-3/26° 


It will be seen that of the potassium salts the pyro is some 24 times as 
soluble as the ortho. 

Periodic acid forms a series of hetero-poly-acids with the oxides of 
molybdenum and tungsten, of the normal hetero-poly-acid type, with one 

•1* P. Fleury and J. Lange, 1932, 195, 1395. 

A. Hantzsch, Ber. 1927, 60, 1940. 

A. E. Hill, J,A.C,S. 1928, 50, 2678. 
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molecule of periodate to 6 or more of the other oxide, for example, MglOe, 
6 M 0 O 3 . 

The structure of the IO 4 ion has been determined by X-ray analysis; 
it has the four oxygen atoms arranged symmetrically round the iodine at 
the points of a regular tetrahedron. The I—0 distance is 1*79 (theory 
I—O 1*95, I-=0 1*81). 

The ‘paraperiodate’ (NH 4 ) 2 H 3 lOe has been shown®^^ to have this formula, 
and not to be the hydrate (NH 4 ) 4 l 209 , 3 H 2 O; the iodine has an octahedron 
of 6 Os with I—O 1*93; each O has 3 oxygen neighbours (in other octa¬ 
hedral, 2 of them 3*02 A away and the third (no doubt with a hydrogen 
bond) at 2*60 A. 

SUPPOSED POSITIVE HALOGEN IONS 

The idea that one form that a halogen atom can assume is that of a posi¬ 
tive ion seems to have originated in the hypothesis that when a halogen is 
hydrolysed the molecule breaks up into positive and negative ions, of which 
the former combines with the negative hydroxyl and the latter with the 
positive hydrogen ion: 

X2 = + X~ 

X+ + OH" = XOH 
X" + H+ = XH 

As we have seen, a combined halogen atom usually decomposes in the 
second of these ways, to give the halogen hydride, but there are many 
which react in the other way, forming the hypohalous acid and being 
replaced by hydrogen instead of hydroxyl (e.g. NCI3, Br*C(N 02)3 etc.). 
It is an obvious suggestion that a halogen atom in a compound may be 
either positive or negative; that if it is negative it forms the halogen 
hydride and if positive the hypohalous acid. 

If the phrase ‘ positive halogen ’ (there is no doubt about the existence 
of negative halogen ions) is only meant to indicate this kind of behaviour, 
it is harmless and perhaps useful. If, however, it implies the actual 
existence of positively charged monatomic halogen ions, the question 
needs further inquiry, and the results of this are on the whole unfavourable. 

In the first place, nearly all the attempts to get definite evidence for the 
existence of positive halogen ions have failed. Thus Philbrick®** and Faull 
and Baeckstrom®^® find that the amount of iodine cations in an aqueous 
solution of ICl is negligible; Soper and Smith show that the kinetics of 
the chlorination of phenols gives no support to the idea of positive chlorine 
ions. Fuoss and his co-workers,from a study of the oxidation potentials 

*** See P. P. IDwald and C. Hermann, Strukturbericht, 1913-26, p. 348. 

•*“ E. A. Hazlewood, Z. Kriat. 1938, 98, 439. 

•»» L. Helmholz, J.A.C.S. 1937, 59, 2036. 

•»* F. A. Philbrick, ib. 1934, 56, 1267. 

J. H. Faull and S. Baeckstrdm, ib. 1932, 54, 620. 

F. G. Soper and G. F. Smith. J.C.8. 1926, 1682. 

'« G. S. Forbes, S. W. Glass, and E. M. Fuoss, J.A.C.S. 1926, 47, 2903. 
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of chlorine, iodine monochloride, and iodine trichloride, concluded that it 
is unnecessary to assume the existence of positive iodine ions. Noyes and 
Wilson, though they maintain that positive chlorine ions are present in 
chlorine water, admit that they can get no electrometric evidence of their 
presence. 

Again, in many reactions in which the presence of positive halogen ions 
is assumed, there is no real necessity for the assumption. Most of the 
evidence adduced by W. A. Noyes in a long series of papers really over¬ 
looks the distinction between electrovalent and covalent links (as he is 
inclined to admit®^’), and proves no more than that a halogen atom in 
certain positions is replaced on hydrolysis by hydrogen and not by 
hydroxyl. Again, the kinetics of the addition of bromine to double carbon 
links in alcoholic solution, as we have seen (p. 1221), although it requires 
the assumption of a positive monobrominated ion 

' U-f 

L J 

does not provide any proof of the separate existence of positive bro¬ 
mine ions. 

If we confine ourselves to considering the behaviour of the halogens in 
water, where the most satisfactory evidence of the ionic condition is to be 
obtained, there is one overriding condition which must be satisfied. The 
halogens (we are not now dealing with tiuorine) all form hypohalous acids 
HOX, which, as acids, can to some extent dissociate into [X^—0]~ and 
[H]^. If positive halogen ions can exist, HOX must also be able to dis¬ 
sociate into [X]^ and [OH] But the product of the concentrations of [H]"^ 

and [OH]” which it gives cannot exceed the product of [H] and [OH] in 

water at the temperature in question (1-01 X 10"^^ at 25^), or the acid will 
lose water and go over to the oxide XgO. Hence, if we know the value of 
the (classical) acidic dissociation constant for these acids, we can 
calculate an upper limit for the dissociation constant of XOH as a 
base, which will make [H"^] • [OH“] == at any given dilution F. It is 
easy to show that at this dilution 

Hence since [H] • [OH] is equal to K^, Kf, cannot exceed (Jf* X V^)jK^. 
As the values of for HOCl, HOBr, and HOI are approximately known, 
we can calculate at 25° for any given dilutions (say at F = 1 and F = 
100 litres) the maximum value of and the maximum concentration of 
positive halogen ions which is possible if the acid is not to go over to the 
oxide XjO. The results are given below, first the values of and then, 

»»• W. A. Noyes and T. A. Wilson, J.A.C.S. 1922, 44, 1630. 

Ib. 1934, 56, 1819. 
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for each dilution, (a) the maximum possible value of the basic dissociation 
constant, and (b) the concentration (normality) of X, the positive halogen 
ion, which this constant will give at that dilution: 



HOCl 

HOBr 

HOI 

Ka 

3*4xl0“8 

ca. 10-» 

3 X 10-11 

max. 

3 X 10-2» 

10~19 

3 X 10“ 18 

.[X+] 

6-5x10-“ 

3'2x 10“i« 

l-7x 10“® 

K), max. 

3 X10-” 

10 “i6 

3x 10~i4 

[X+] 

5-5 X 10-“* 

1 3-2xl0-» 

i l*7xlO“8 


It will be seen that, at any rate in water, the concentration of the positive 
halogen ions can never be more than minute, (See further, Robertson and 

Waters.’28) 

If, however, these positive ions are stabilized by co-ordination, for 
example, with pyridine, they can exist in quantity. Thus if silver nitrate 
is treated with chlorine in a dry mixture of pyridine and chloroform, a 
white solid separates of the composition of the salt [Cl, py 2 ]^(N 03 ); this 
melts with decomposition at 77*8® C., and is soluble in water, pyridine, 
and chloroform, but not in ligroin.’^^ An exactly similar bromine com¬ 
pound can be made.”’ These are no doubt true salts of the co-ordinated 
halogen cation; solubility in chloroform is quite common with organic 
salts. The bromine compound is very reactive; it adds on to cyclohexene 
to form the saturated bromo-nitrate 


i L 


Carlsohn”^"2 confirmed the existence of this nitrate, ”2 and from the 
compound AgC 104,2 py made the corresponding perchlorate [Br, py 2 ](C 104 ), 
which is easier to handle as it is not hygroscopic, and not very soluble in 
water. With sodium hydroxide this gives’” a yellow solid of the composi¬ 
tion of BrgO, HgO, py, which he suggests may be a hypobromite with the 

structure r ^tt 

/Ui±8 

Br{f (OBr). 

W 

With iodine, compounds of this type seem to be more numerous, but 
they are known only through Carlsohn’s work quoted above. The salts 
obtained were of three kinds, and included the following examples: 

(1) [I, py2]X:X=N03, CIO4. 

(2) [I, py]X:N 03 , acetate, benzoate, etc. 

(3) [I, pyJgX: succinate, phthalate. 

A. Robertson and W. A. Waters, J,C.S, 1947, 492. 

M. I. Uschakov and V. O. Tchistov, Bull. Soc. 1936, [v] 3, 2142. 

Id., Ber. 1936, 68. 824. 

See H. Carlsohn, Disa. Leipzig, 1924 (unprinted); Habilitationsachrift Leipzig, 
1932. This last is quoted fairly fuUy in Gmelin, lod, 1933, 454. 

H. Carlsohn, Bet. 1936, 68, 2209. 


•83 Id., ib. 2212. 
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In place of pyridine, picoline, lutidine, and collidine can be used. These 
compounds must be true salts of an iodine cation since when the nitrate is 
electrolysed in an organic solvent, the iodine migrates to the cathode. 
The corresponding bases seem to occur, but they have been little investi¬ 
gated. 

It thus appears that the halogens can form cations when these are co¬ 
ordinated, but that except in presence of solvents of greater co-ordinating 
power than water, these positive halogen ions scarcely exist at all. There is 
no intrinsic improbability in such ions being formed in any ionizing—that is, 
solvating—solvent. The bare hal ^ ion will be unstable because it has only 
a valency sextet, but by co-ordination, for example, to form [hal-e-OHg]^, 
the octet is completed, much as in the ion [(CH 3 ) 3 Sn^OH 2 ]^, which, 
however, is more stable as the octet is fully shared. 

Another series of halogen derivatives which have been supposed to 
establish the existence of positive halogen ions consists of those in which 
the halogen atom is united to the anion of a strong acid. But these are 
almost certainly not true salts but covalent compounds. Much of our 
knowledge of them is due to the work of Birckenbach and his colleagues®^ 
on ‘pseudo-halogens’, that is, compounds behaving like free halogen 
molecules, including both mixed compounds such as cyanogen bromide 
Br • CN, and those free from halogens such as cyanogen NC • CN. 

A remarkable example is iodine perchlorate, or rather its decomposition 
products, since the compound itself cannot be isolated. When silver 
perchlorate in solution is treated with iodine, silver iodide is immediately 
precipitated.®^^ Presumably the compound I 0104 (ionized or covalent) 
is formed at the same time, but this at once reacts with the solvent what¬ 
ever this may be. Even with so inert a solvent as CCI 4 reaction occurs 
(p. 1236): 

Ag[C 104 ] + I2 - Agl + I.CIO4 

I.CIO4 + CCI4 - I.Cl + CCI3 CIO4 

with the production of trichloromethyl perchlorate. With solvents contain¬ 
ing hydrogen attached to carbon this hydrogen is replaced by iodine: 


—C—H + I.CIO4 - —C ~1 -f H.CIO4. 

This reaction is of practical importance for iodination in organic chemistry, 
but the perchloric acid must be at once removed as it is a powerful 
oxidizing agent, especially in the anhydrous state; this can easily be done 
by adding magnesium or calcium oxide, which forms the perchlorate of 
the metal and at the same time absorbs the water so produced. 

In presence of an unsaturated compound such as cyclohexene there is 

L. Birckenbach et al., ‘ Pseudohalogenei. Ber, 1925, 58, 786; xxxii, ib. 1936, 
69, 723. Mostly in Ber,: some in Ann, and Z, anorg, Chem, 

L. Birckenbach and J. Goubeau, Ber, 1932, 65, 395. 
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direct addition of I+CIO4 to the double link.®®® This reaction is quite 
general; addition according to the scheme 

_C—C~~ 


Ag.X 


[Ag.I + I.X] 


to the double link of cyclohexene occurs with a whole series of silver salts, 
where X ^ Cl, NOg acetate, benzoate, etc. This seems to be specific for 
the silver, mercuric, and aurous salts; the salts of other metals will not 
react in this way.®®’ 

The replacement of halogen by hydrogen instead of hydroxyl (see 
pp. 1189, 1222), is as we have seen no evidence for positive halogen ions 
at all. It is noticeable that while this replacement is very marked when 
the carbon atom carrying the halogen is attached to CN (or carbonyl or 
NO 2 ) groups,®®® it does not occur at all when the halogen itself is directly 
attached to CN, in the cyanogen halides, such as Br CN; these are 
hydrolysed by water to hydrogen halide and cyanic acid. 

The degree of hydrolysis of compounds of this ‘ positive halogen ’ type 
has been measured by Birckenbach et 


COMPOUNDS OF POLYVALENT HALOGENS 

Some of the most important of these compounds have already been dealt 
with, in discussing the interhalogen compounds, the j)erhalides, the oxides, 
and the oxy-acids. Of those that remain, which are almost restricted to 
the compounds of iodine and are nearly all organic, the great majority 
have the halogen in the trivalent state, as in the iodide-chlorides, the 
iodoso- and the iodonium compounds; the pentavalent state is here 
practically confined to the iodoxy-compounds. The following table gives 
the valency groups and the absolute valencies for the main types of com¬ 
pound with which we are now concerned; the symbol (2) indicates the 
inert pair of electrons. 

Type . 

Val. gp. 

Absolute! 
valency / 

The compounds with one or two hydrocarbon radicals (never more) 
attached to the halogen are both numerous and important, but there is a 
small group of compounds of trivalent halogens which have no carbon 
attached to the halogen, made by oxidizing a solution or suspension of 

Id. and E. Beminger, ib. 1339. 

•3’ Id.,ib. 1933, 66, 1280; 1934, 67, 917, 1420; L. Birckenbach, J. Gouboau, and 
H. Kolb, ib. 1729. 

L. Birckenbach and K. Huttner, ib. 1929, 62, 153. 

L. Birckenbach, K. Huttner, and W, Stein, ib. 2065. 


/h ,-- - ^ yfO yO 

. I+++ ft—1( Ar l-H^O Ar l=0 [Arjf Ar iC Ar-lf 

\b \o 

. 4 (2) 2, 6 4, 4 (2) 2, 6 4, 4 2, 6 (2), 8 
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iodine in an acid; they have the composition of salts of the trivalent base 
I(0H)3, a basic form of the non-existant iodous acid HlOg; the simplest 
of these is iodine trichloride. They are commonly called salts, but are 
almost certainly covalent compounds, although they may at least partially 
ionize in some solvents (see the acetate below); ICI3 was discovered by 
Gay>Lussac in 1814, and the nitrate I(N 03)3 by Millon in 1844.®^® The 
recent work on the subject is mainly due to Fichter.®^^"^ The compounds 
are all easily decomposed, are very easily hydrolysed by water, and so are 
diflScult to purify; but they seem to be of two kinds, basic ‘ salts ’ of the 
type 01 A, fairly stable, and yellow, and neutral compounds IA3, less 
stable than the first class, and colourless. 

The following are examples of the neutral compounds: 

Nitrate, I(N 03 ) 3 . Made by oxidizing iodine with cold very concentrated 
nitric acid.®^^ jg ^ yellow very unstable powder; on warming, or with 
moisture, it is converted into iodine, iodic acid, and oxides of nitrogen. 

The lodate, 1 ( 103)3 (^^ 4 ^ 9 ) has already been described (p. 1210 ) among the 
oxides of iodine. 

The Acetate, 1(0 • CO • € 113)3 (Schiitzenberger, 1861), is made by oxidizing 
iodine in acetic anhydride with nitric acid, or in acetic acid with chlorine 
monoxide. (Its similarity to antimony acetate Sb(0 -CO 0113)3 is a good 
example of the effect of the inert pair.) It forms colourless crystals, and is 
fairly stable in the cold; on heating it begins to decompose at 100 ®, and 
explodes at 140®.®^^ In acetic anhydride solution this behaves like a salt®^^; 
the solution conducts electricity, and on electrolysis the iodine migrates 
to the cathode. It should be noticed that this does not prove the exis¬ 
tence of I^^^ ions: the results can be accounted for by the presence of 
[1(0 CO € 113 ) 2 ]'*' ions, which are more probable than 1 ^“^^ since in them 
the iodine has a complete valency octet, while in (if it is not solvated) 

it only has a quartet. 

The perchlorate®^® is unique among these compounds in being hydrated, 
having the composition I(C 104 ) 3 , 2 H 2 O, which perhaps should be written 
[I, 2 H 20 ]^^ ^ (€ 104 ) 3 . It is made by dissolving iodine in cooled anhydrous 
perchloric acid, and oxidizing with ozone. The water for the hydration is 
mainly formed in the reaction 

I2 + 6 HCIO4 + O3 - 2 1(0104)3 -f 3 HgO. 

It is very readily decomposed by more water. 

Our knowledge of the ‘basic’ iodous compounds 01 X or [OI]X is 

E. Millon, Ann. Chim. Phys. 1844, [3] 12, 330. 

F. Fichter and F. Rohner, Ber. 1909, 42, 4092. 

H. Kappeler, ib. 1911, 44, 3496. 

»4s Y. Fichter and H. Kappeler, Z. anorg, Chem, 1916, 91, 134 {J.C.S, Abatr. 1916, 
ii. 263). 

944 Fichter and S. Stern, Helv. Chim. Acta, 1928, 11, 1256 (B.C,A. 1929, A. 41). 

•45 jp-Qj. other carboxylates I(0‘C0*R)8 H* Oldham and A. R. Ubbe- 

lohde, J,C,S. 1941, 368. 
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mainly due to Masson.®^^® The sulphate ( 10)2804 can be by 

heating iodine pentoxide with concentrated sulphuric acid, or by dis- 
solving the pentoxide and iodine together in the slightly diluted acid. It 
is a white crystalline substance, which is hydrolysed by water with the 
formation of iodous acid or its decomposition products. It has a remark¬ 
able effect on substituted benzenes. If the groups already present are 
ortho-para directing, it gives a quantitative yield of the ^o-iodonium salt 
[ArgljX®^®; if they are meta-directing, as with nitrobenzene, the iodoso- 
group is introduced into the meta position,®^® which can be done in no 
other way. 

ORGANIC DERIVATIVES OF POLYVALENT IODINE 
These are the compounds in which one or two organic radicals (nearly 
always aromatic) are attached to the iodine; they include the iodide- 
chlorides, and the iodoso-, iodoxy-, and iodonium compounds. They were 
discovered by Willgerodt and by Victor Meyer towards the end of the last 
century; the work up to 1914 was collected by Willgerodt, in his Organische 
Verbivdungen mil mehrwertigem /od.®®® Recently the subject has been re¬ 
examined and extended by Masson and his collaborators.®‘*®'®^^ 

The iodide chlorides Ar-IClg, the first compounds of the group to be 
discovered (Willgerodt, 1885) are commonly made by the action of 
chlorine on the aryl iodides (the alkyl compounds, which are few and 
much less stable, will be described later); they have all the properties of 
covalent compounds, and must have the formula 

/Cl 
Ar-l( , 

\ci 

the iodine having the valency group ( 2 ), 2 , 6 , with the inert pair. The 
corresponding fluorides Ar lFg are known, and are very similar in pro¬ 
perties to the chlorides; the bromides R • IBrg are unknown in the aromatic 
series, but curiously have been made in the aliphatic (see p. 1259). 

On treatment with alkali the iodide chlorides have the two chlorine 
atoms replaced by an oxygen to give the iodoso-compounds Ar lO, which 
perhaps should be written Ar I->0. These are the bases from which the 
iodide chlorides (and other acid derivatives) can be formed. On heating 
they readily change by ‘ disproportionation ’ into a mixture of the iodide 
and the more highly oxidized iodoxy-compounds: 

2Ar*IO = Ar-I + Ar^IOg. 

These latter, though they are formally analogous to the nitro-compounds, 

I. Masson, ib. 1938, 1708. 

I. Masson and W. E. Hanby, ib. 1699. 

I. Masson and C. Argument, ib. 1702. 

I. Masson and E. Race, ib. 1937, 1718. 

Enke, Stuttgart, 1914; referred to in what follows as M.I. with page. 

I. Masson, E. Race, and F. E. Pounder, J.C.S, 1935, 1669. 
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differ from them in many ways. They are amphoteric, weakly basic, and 
weakly acidic; the structure is probably like that of the nitro-compounds 



The iodonium compounds have the same relation to the organic iodides 
that the sulphonium compounds have to the sulphides, or the ammonium 
salts to the amines; they are true salts of the tyi)e [ArgljX. They are 
formed by a variety of rather unexpected reactions; the simplest is the 
action of moist silver oxide on a mixture of iodoso- and iodoxy-compounds: 

Ar lO + Ar lOa + Ag OH - Ar 2 l[OH] + AglOg. 

Some other forms of compound, especially the amphoteric diaryl iodyl 
hydroxide ArglO OH, have recently been discovered by Masson. 

We may now consider each of these groups in more detail, postponing 
the aliphatic derivatives, and the mixed iodonium compounds, until later. 


Iodide Chlorides'^ 

These were until recently the source from which all the other organic 
compounds of trivalent iodine were made. The originaland still the 
chief method of preparation is the direct chlorination of the iodide in any 
solvent that does not react with (and especially remove the chlorine from) 
the product; the usual solvent is chloroform or carbon tetrachloride, but 
ligroin can be employed. They are also formed from the aryl iodide with 
sulphuryl chloride (which is reduced to sulphur dioxide), or from the 
iodoso- or iodoxy-compounds (chlorine being produced at the same time 
from the latter) by the action of concentrated hydrochloric acid upon 
them, or that of PCI5 on their suspension in chloroform. 

Certain substituted phenyl iodides undergo the addition of chlorine with 
diflSculty or not at all. No trivalent iodine compounds have been obtained 
from o-di-iodo-benzene,®^^ though they are formed by the meta and para 
isomers, and by o-chloro-iodo-benzene; other examples of this are given 
below. 

The cause of this phenomenon is obscure. It does not seem to be steric, 
since compounds®^^ in which the iodide has an ortho-methyl group and 
an ortho-bromine, or two ortho-bromine atoms, form the whole series of 
trivalent iodine compounds quite easily. 

Highly chlorinated phenyl iodides®®^ can no longer form polyvalent 
iodine compounds when the ring has more than 3 chlorine atoms, and the 
presence of 2 chlorine atoms in the ortho-positions restricts their formation 
very greatly. Thus symmetrical trichloro-iodo-benzene forms an iodide 
♦ The iodide-fluorides are described below, p. 1248. 

062 0 ^ Willgerodt, Report of the 58th meeting of the Verein Deutscher Natur- 
forscher and Aerzte, Strassburg, 1885. 

M.I. 43. J. McCrao, J.C,S. 1898, 73, 691. 

C. Willgerodt and K. Wilcke, Her. 1910, 43, 2746: see M.I. 50. 
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I 

Cl 


chloride, but only with difficulty and in bad yield, and the iodide-chloride 
produced is unstable; the iodoso-compound cannot be obtained from this 
with alkali but only with alkaline carbonate, since free alkali reduces the 
iodide chloride to the iodide: the iodide chloride loses its chlorine in a few 
days in ether: a basic nitrate can be got but not, as is usual, a neutral 
nitrate: and finally the iodoxy-compound cannot be obtained at all. It is 
curious that with the corresponding bromine compound, 5-tri-bromo- 
iodobenzene, McCrae®*^ found no difficulty in making all the derivatives; 
but he did not examine the reactions in so much detail as Willgerodt. 

No trivalent iodine compounds whatsoever can be obtained from 
l-iodo-2, 3,4, 6-tetrachlorobenzene®®® nor from pentachloro-iodobenzene,^^’ 
nor from hexaiodobenzene.®^® The reaction seems to need the presence of 
unreplaced hydrogen on the ring, since l-iodo-2, 5-dichloro-3, 4, 6-tri 
methyl-benzene also forms none of these compounds. Compounds with 
two ortho-methyl groups, such as iodomesitylene and iodo-chloro- 
mesitylene, form trivalent iodine compounds, but they are very unstable.®®® 
Even the 2,3 and 2,5-dibromo-iodobenzene derivatives show considerable 
instability®®^; the iodoso-compound of the former loses all its oxygen on 
standing and gives no iodoxy-compound and no iodonium; of the latter 
the iodide-chloride is so unstable that its chlorine is lost on evaporating 
the solution unless this is done in a stream of chlorine. 

The iodide chlorides®®^ are lemon-yellow crystalline substances, fairly 
easily soluble in organic solvents other than ligroin. They are slightly 
soluble in water, which, however, hydrolyses them to the iodoso-compound 
and HCl; this reaction is reversible, and concentrated HCl will convert 
the iodoso-compound into the iodide chloride. The chlorine is not very 
firmly held, and can, in fact, be titrated with thiosulphate. Phenyl iodide 
chloride CeHglClg decomposes on heating at about 100° to give phenyl 
iodide and elementary chlorine. 

Hence the iodide chlorides act as oxidizing and chlorinating agents®®^; 
they convert alcohol into aldehyde, thiophenol into diphenyl disulphide, 
and sodium malonic and sodium cyanacetic esters into acetylene tetra- 
carboxylic and dicyanosuccinic esters respectively. They add on Clg to 

M.I. 53. M.I. 64. E. Rupp, Diss. Heidelberg, 1897. 

M.I. 74. M.I. 75. Ib. M.I. 27. 

A. Zlaratow, Z.f. Nahr. u. Oenussmittelj 1913, 26, 348. 

See W. Bockemuller, Ber. 1931, 64 , 522, where the references for many of these 
reactions are given. 

See further R. Neu, ib. 1939, 72, 1605. 
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the double carbon link (for example, in a,a-diphenyl ethylene and in 
stilbene O CH—CH ^>) in the same way as elementary chlorine does, 
but more slowly. It has even been proposed®^*’^ to use phenyl iodide 
chloride for the quantitative estimation of the unsaturated links in fats.*®^ 
In the same way it will convert alkyl iodides into the chlorides and free 
iodine; the bromides, such as ethyl bromide, do not seem to be affected. 

On standing, phenyl iodide chloride chlorinates itself, giving para- 
chloro-iodobenzene +HC1. 

Apart from these reactions, the most characteristic behaviour of the 
iodide chlorides is their hydrolysis by water or alkali to the iodoso- 
compound Ar*IO. 

Iodide Fluorides, At • TFg 

These were first obtained by Weinland and Stille®®® by the action of 
concentrated aqueous hydrofluoric acid on the iodoso-compounds. The 
latter dissolve readily in hydrofluoric acid, obviously to give the fluorides 
Ar-IF 2 , just as they give the chlorides Ar-IClg with concentrated hydro¬ 
chloric acid. The iodide fluorides usually melt at low temperatures, and are 
difficult to get in the crystalline state, but this can sometimes be done from 
glacial acetic acid. In this way the para-tolyl compound p-CHg • CeH 4 • IFg 
was made: yellow needles, melting-point 112^^, decomposing at 115°; 
sparingly soluble in acetic acid, and completely hydrolysed by water to 
Ar lO and HF. The p-bromo compound, melting-point 110°, is similar. 

Since the iodide chlorides act as weaker chlorinating agents than 
elementary chlorine, the iodide fluorides might be used for fluorination,®®^ 
in place of the very violent elementary fluorine. They will not by them¬ 
selves add halogen to the double carbon link, but they form loose addition 
compounds with HF and with SiF 4 , and these react, giving, for example, 
with (x,a-diphenyl ethylene a 60 per cent, yield of the difluoride. 

This suggests that the trivalent iodine atom holds the fluorines more 
firmly than the chlorines. The nature of these addition compounds is very 
obscure; the hydrogen fluoride compound is very unstable: if its chloro¬ 
form solution is evaporated the HF goes away with the solvent. The 
SiF^ compounds appear to be solids, but they could not be purified suffi¬ 
ciently to be sure of their composition. 

As a fluorinating agent (i.e. for replacement) phenyl iodide fluoride 
O • IFg is very vigorous.®®^ It will also remove hydrogen; thus it converts 
acenaphthene into di-acenaphthyl. 

[Iodide Bromides, R • IBrg. These compounds, which are known in the 
alkyl but curiously not in the aryl series, are described below, p. 1259.] 

Iodoso-compounds, Ar I->0 

These are of two kinds: the ordinary kind with ‘free ’ iodoso-groups such 
as iodosobenzene CeHs -I-^O, and a small number of cychc compounds, 

R. r. Weinland and W. Stille, Ann, 1903, 328, 132. 

B. 8. Gan^ey, L. F. Halley, and C. F. H. Allen, J.A.G.S, 1937, 59 , 1827. 
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not unlike ketolactones in structure, such as o-iodoso-benzoic acid, which 
can be shown to be 



These cyclic compounds, which are very stable, and have various peculi¬ 
arities of their own, will be dealt with later (p. 1253). We may first consider 
the true iodoso-compounds with unmodified —1->0 groups. 

The iodoso-compounds are formed by the hydrolysis of the iodide 
chlorides; the exact conditions are somewhat different in each case, as the 
hydrolysis is reversible. Sometimes water is sufficient for the hydrolysis, 
but often alkaline carbonate or even hydroxide must be used, though if 
the reagent is too powerful, it may simply remove chlorine and regenerate 
the iodide. As both the iodide chloride and the iodoso-compound are very 
slightly soluble in water, the former must be finely ground, and the treat¬ 
ment continued until the solid, after washing with water, no longer shows 
an acid reaction. 

Oxidation of the iodide to the iodoso very rarely occurs except with the 
much more stable cyclic compounds. 

The iodoso-compounds are greyish-white, amorphous substances, with 
a very characteristic penetrating ' iodoso smell ’; the absence of this smell 
is a conclusive prooP®^ that a free iodoso-group is not present. 

In organic solvents (other than acids, with which they react) the iodoso- 
compounds are almost or quite insoluble, but they dissolve to some 
extent in water (iodosobenzene 0-81 g. per litre at Ifi""*^®^), and also in 
methyl alcohol. The aqueous solutions are quite neutral, and so cannot 
contain an acidic form Ar l(OH) 2 . The solubilities of different iodoso- 
compounds seem to vary in a peculiar way: thus, l,3-di-methyl-4-iodoso- 
benzene, melting-point 91® is fairly easily soluble in water®’® while 
p-iodoso-ethyl benzene, though it melts at 89®, is quite insoluble in 
water. 

Iodosobenzene is somewhat poisonous®’^ (lethal dose about 0*20 g. per 
kg. for rabbits and dogs, corresponding to about 12 g. for a man) ; the 
iodoxy compounds are much less poisonous, and the simple aryl iodides 
not at all. 

The iodoso-compounds are strong oxidizing agents. Though they are 
neutral to litmus they soon bleach it; they oxidize alcohol to aldehyde 
and formic acid to carbonic.®’® Iodosobenzene can also replace hypo- 
bromous acid in the Hofmann reaction®’^ (oxidation of amides to amines 

-f-COg). 

Iodoso-compounds, either alone or in water, change slowly in the cold 
and rapidly on heating into a mixture of the iodoxy-compound and the 
iodide. Masson®®^ has pointed out that this reaction can be simply 

C. Harries, Ber. 1903, 36, 2996. M.I. 2. M.T. 67. M.I. 71. 

M.I. 233. M.I. 32. J. Tscherniac, Ber, 1903, 36, 218. 
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expressed as a result of the dipole association of the iodoso- 
molecules: 

R-1-O R-1 0 

O-1-R f -1-R 


lodoso 'Salts' 

The iodoso-group behaves with acids like a diacid base, giving, for 
example, as we have seen, the iodide chloride with HCl and the iodide 
fluoride with HF. Other acids, both inorganic and organic, behave in the 
same way. The products Ar IX 2 are often called salts, but there is 
evidence that most if not all of them are covalent. They are made by the 
action of the acid on the iodoso-compound; with strong acids it is often 
convenient to work in glacial acetic acid.®’^ Thus there is a nitrate 
CgH 5 l(N 03 ) 2 ®^®: large greenish-yellow crystals, exploding feebly at 
105-106”, hydrolysed by water at once: a chromate CeH 5 l(Cr 04 ) made 
with a solution of chromic oxide in acetic acid: orange-red, explodes at 
66°; an acetate CeHg * 1(0 CO * 0113 ) 2 ,®’^ colourless crystals, easily soluble 
in acetic acid, chloroform, and benzene, very slightly in ether: melting- 
point 156-157°: slowly hydrolysed by water. The propionate and butyrate 
are similar. 

Iodoxy-compounds. Ar lOg 

These are (the only organic) compounds of pentavalent iodine, which¬ 
ever of the three possible formulae 


(I) Ar.I 


\ 


0 

O 


(II) Ar l 


^O 


(III) Ar i: 


./ 

\ 


0 

0 


we adopt; no doubt there is resonance between all three. 

The iodoxy-compounds are commonly made®^® from the iodoso, which 
change spontaneously on keeping, especially if they are warmed, into a 
mixture of iodoxy-compound and iodide.®’® It is usually most convenient 
to boil the iodoso-compound with water, when the iodide goes off with the 
steam; the iodoxy-compounds are non-volatile, and can be recrystallized 
from water or from acetic acid. 

They can also be made by oxidizing the iodoso or the iodide chlorides 
with hypochlorous acid, or with bleaching powder and acetic acid, or 
directly from the iodides®®® by treating these with bromine and then with 
alkali; as there are no iodide bromides, the oxidizing agent must be 
hypobromous acid. 

Our knowledge of the properties, both physical and chemical, of the 
iodoxy-compounds has been much increased, and considerably modified, 
by the work of Masson®®^ and his collaborators. 

M.I. 33. C. Willgerodt, Ber. 1892, 25, 3498. 

J. Tscliemiewj, ib. 1903, 36 , 218. M.I. 13. 

C. Willgerodt, Ber. 1893, 26 , 1307; P. Askenasy and V. Meyer, ib. 1366. 

8^0 M.I. 16. 
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The iodoxy-compounds, like the iodoso, are usually white substances, 
lodoxybenzene can be heated to 230° without either decomposing or 
melting, and it has no perceptible vapour pressure even at this tempera¬ 
ture. It is slightly soluble in water (soF 0-274/14'^, 117/99°; O-IO 
0 081/16°)*^®^; in inert organic solvents it is.even less soluble. The insolu¬ 
bility does not api)ear to be due to polymerization, since the substance is 
shown by the freezing-points to be monomeric in water^^^ and in formic 
acid.®®^ It has been suggested that the substance Ar • lOg might be the iodo- 
nium periodate Ar 2 l[I 04 ], but Masson made this salt, which has quite 
different properties from iodoxybenzene; it forms large colourless crystals; 
it is several times as soluble in water, and it melts with decomposition at 129°, 
more than 100 ° lower than iodoxybenzene. Since iodoxybenzene is neither 
polymerized nor ionized in solution, its obvious association in the sohd is 


difficult to explain. 


A dipole attraction of the 



groups has been 


suggested (Masson), but it is not clear why this should be greater than with 
nitrobenzene, which is much more volatile and more soluble. The greater 
solubihty of iodoxybenzene in water and in formic acid suggests that it 
interacts with those solvents. The instability of the double I—0 link may 
be relieved in solution by solvation, e.g. to 


Arl^O—H 
\0—H 


while in the solid the same end is achieved by the polymerization of the 
molecules through the formation of I—O—I links. This would not occur 
with the nitro-compounds, because the N =0 links are not unstable. 

The iodoxy-compounds hold their oxygen more firmly than the iodoso, 
and they are not such strong oxidizing agents; they will, however, oxidize 
hydrogen chloride with the production of the iodide chloride and free 
chlorine. With hydrogen fluoride, where obviously the free halogen can¬ 
not be liberated, a pentavalent fluoride Ar lOFg is formed,®®® an unstable 
compound which, hke the iodide fluorides, is quantitatively decomposed 
by water to the iodoxy-compound and hydrogen fluoride. 

On heating, the iodoxy-compounds do not melt, but explode at fairly 
definite temperatures, often with great violence. 

lodoxybenzene is commonly described as neutral, but Masson has shown 
that it is both a weak acid and a weak base; its compounds with acids and 
with alkalies are readily hydrolysed. Dilute sulphuric acid has no action 
on it, but the acid H 2 SO 4 , 2 H 2 O forms a sulphate lOg, H 2 SO 4 (m. pt. 
127°): colourless crystals, insoluble in organic solvents and broken up by 
water. lodoxybenzene must be more basic than nitrobenzene, for this 
sulphate is produced by an acid which is sufficiently diluted to hydrolyse 


L. Mascarelli and M. Martinelli, Atti R. 1907, [6] 16, i. 183 (Ghent. Centr. 07, i. 

1322). 
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the corresponding nitro-derivative O • NOg, H 2 SO 4 , which also has the much 
lower melting-point of 12 °.®®^ With the dihydrate of perchloric acid 
iodoxybenzene forms a perchlorate, which may have the structure 




^ 0 \ 

^0 




(CIO 4 ); 


it is, however, violently explosive, and was not further examined. 

The behaviour of the iodoxy-compounds with alkalies is much more 
compHcated and remarkable. 

The iodoxy-compound dissolves in the alkah, but can be precipitated 
at once unchanged by carbon dioxide; it must therefore be a weak acid, 
and the conductivity shows that K is about 10 "^^. The freezing-point of 
the alkahne solution is not affected by the addition of the iodoxy-com¬ 
pound, so that ions of the composition ArI 020 H must be produced. The 
structure may well be 

At—1^0 

\0—H 


Its salts (iodoxylates) were not prepared, as the acid soon decomposes. 

After a few hours in the cold, the solution of iodoxybenzene in alkali 
completely changes; it now contains CeHsI, IO 3 ions, and a new oxidizing 
substance which was shown not to be CeH5lO, IO4 , IO 2 , 10 ” , ozone, nor 
any compound with an — O—0 — link. From this solution carbon dioxide 
precipitates a carbonate, which acetic acid converts into the acetate 
02l0(0 • CO • CH3)H20, insoluble in water, soluble in benzene and chloro¬ 
form, melting-point with decomposition. Hence the reaction is: 

2[Ar.I02 0Hr = Ar2lO.OH + 10^ + 0H“. 

This diaryl iodyl hydroxide is a strong oxidizing agent; it is weakly basic 
and forms the carbonate and acetate described above, but it will not react 
with strong acids. Hence the products are evidently not true salts but 
are covalent compounds. The most probable of the formulae suggested 
by Masson is perhaps this (I = ( 2 ) 10 ). 



For complex mercuric compounds see references. 


I. Masson, J.C.S. 1931, 3200. 

D. Vorl&nder and H. David, Ber, 1937, 70, 146. 
H. Liitgert, ib. 161. 
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Cyclic Derivatives 

lodoxybenzene is broken up by alkalies slowly (quickly at 100°) to 
benzene and sodium iodate. Its derivatives behave in the same way. 
Hence —IO 2 is a very mobile and also a 'positive’ group, one that is 
replaced by hydrogen, and so it is of a cationoid nature.It should 
therefore direct substitution to the meta position. This has been difficult 
to prove, but Masson®^^ has shown that under proper conditions iodoxy- 
benzene can be quantitatively mononitrated by nitric acid, and that 
99*5 per cent, of the product is meta. According to the Hammick- 
Illingworth rule*®® —SbOg should be meta-directing, but not —lOg*, so 
this is a good example of the way in which the ‘inert pair’ makes an 
element behave like the one two places before it in the Periodic Table. 
The mobility of the —lOg group is remarkable; it is turned out from 
p-iodoxy-nitrobenzene by dilute nitric acid, silver hydroxide, sodium 
nitrite, or sodium azide.*®* In ortho-para dinitro-iodoxybenzene the 
iodoxy group is even more easily removed.*®^ 


Cyclic Derivatives of Trivalent Iodine 
If the iodine in o-iodobenzoic acid is converted into the trivalent state, 
it is liable to react with the carboxyl group with the formation of a ring 
compound; the first iodoso-compound to be made was of this type, got by 
the direct oxidation of o-iodobenzoic acid,*®* a reaction which wiU not 
produce the ordinary ‘free’ iodoso-groups. Ring-compounds of this kind 
are known among the derivatives of iodide chlorides and iodoso-com- 
pounds, but not of iodoxy-compounds. 

According to WiUgerodt*®* if o-iodobenzoic is chlorinated in glacial 
acetic acid, two compounds are formed, (a) the normal dichloride 

CflH^CCOOHlICl* 

sintering at 75-80° and melting at 95°, and (6) a substance differing in 
composition from the first by 1 HCl, which sinters at 100° and melts 
with decomposition at 116-120°. These must be 



This seems to be the only known cyclic derivative of the aryl iodide 
chloride type. Thiele has, however,*®^ made the corresponding derivatives 
of chloro-iodofumaric and of a-chloro-iodoacryhc acid: 



D. LI. Hamlxiick and W. S. Illingworth, J,C.S. 1930, 2368. 
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The cyclic iodoso-compounds are much better known. Ortho-iodoso- 
benzoic acid was made by Victor Meyer®®®* by the oxidation of ortho- 
iodobenzoic acid with nitric acid, or with potassium permanganate in 
presence of sulphuric acid, or from the iodide chloride prepared in chloro¬ 
form solution (this is undoubtedly the true —IClg compound, Will- 
gerodt’s (a) form) with alkali, or even with water alone. It forms long 
colourless needles, melting at 244°; on rapid heating it explodes at about 
250°. This must be the cyclic compound A (below) and not the isomeric 
B because®®®: 



(A) (B) 


1. It has not got the characteristic iodoso smell. 

2. All true iodoso-compounds (with uncombined —10 groups) when 
heated with water are converted into a mixture of the iodide and the 
iodoxy, or sometimes (with loss of oxygen) into the iodide alone; this 
compound on the contrary is entirely unaffected by boiling with water; 
this is one of the signs of the greater stability of the cyclic compounds. 

3. All true iodoso-compounds oxidize alcohol to aldehyde; o-iodoso- 
benzoic acid can be boiled with 50 per cent, aqueous alcohol without 
change (another sign of its stability). 

4. It was shown®®® that whereas normal iodoso-compounds are converted 
by heating with acetic anhydride into diacetates Ar I(OAc) 2 , this com¬ 
pound is wholly converted into a monacetate, melting-point 166-167°, 
which must be 



5. Ortho-iodosobenzoic acid is a very weak acid, weaker than carbonic; 
it only turns litmus reddish-purple, while the m- and p-acids turn it red. 
Ostwald®®® found the dissociation constants to be: 



1-32x10-'® 0*6xl0~® 


L. Mascarelli, Atti R, Line. 1906, [5] 14, ii. 199 (Chem. Centr. 05. ii. 893). 
See M.I. 38. V. Meyer and W. Wachter, Ber. 1892, 25, 2632. 

J. prakt. Chem. 1894, 49, 476. 

J. Thiel© and W. Peter, Ann. 1909, 369, 119. 

V. Meyer and P. Askenasy, Ber. 1893, 26, 1367. 


See M.I. 134. 
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(ratio 2 , 200 : 1 ); the compound is obviously far weaker than a true 
carboxylic acid. 

Owing to the cyclic stability it is only a weak oxidizing agent. 

It is amphoteric: it forms salts both with acids and with bases; the 
sodium, calcium, and barium salts are amorphous and highly hydrolysed, 
and, as we should expect with a very weak acid, there is no ammonium 
salt. The compounds with acids, such as the nitrate, are at once hydrolysed 
by water. A whole series of substitution products of o-iodosobenzoic acid 
have been made, which all have very similar properties; the o-iodo- 
phthalic acid derivative is a definite but monobasic acid, as we should 
expect. 

o-Iodoxybenzoic acids, which can be made by oxidizing the iodoso- 
compound with potassium permanganate, or by dissolving in alkali and 
passing in chlorine,®®^ are quite normal. The simple o-iodoxybenzoic acid 
must have the structure 



it is easily soluble in water; it is a strong acid and expels CO 2 from car¬ 
bonates ; its salts are normal. On keeping it is partly converted into the 
iodoso-compound, a very striking proof of the stability of the latter, as 
iodoso-compounds with normal free —10 groups always go over spon¬ 
taneously into the iodoxy. 


lODONIUM COMPOUNDS 

These are the salts of the cations Argl"^- They were originally obtained 
by Victor Meyer®®® by a peculiar method, the treatment of iodosobenzene 
with a large excess of sulphuric acid, when apparently the reaction 


24).10 




)I [SO 4 H] + ‘O' 


occurs; the iodo-iodonium salt is certainly produced: the fate of the extra 
oxygen ‘O’ is unknown, but a good deal of resin is formed. 

Another method®®® is to treat a mixture of iodoso and iodoxy with moist 
silver oxide: 


ArlO + ArlOg + AgOH = Ar 2 l(OH) + AglOg. 

Alkali can be used in place of silver oxide, and then on reduction with 
sulphur dioxide the iodonium iodide is precipitated. In this reaction the 
diaryl iodyl base ArglO OH must first be formed, and then reduced to 
the iodonium salt (see p. 1252). 

A quite different reaction,®®’ which can synthesize unsymmetrical 


V. Meyer and C. Hartmann, Ber, 1894, 27, 1600. 
C. Hartmann and V. Meyer, ib. 426. 

C. WiUgerodt, ib. 1897, 30, 66; 1898, 31, 915. 

6114.2 u a 


®®® Id., ib. 604. 



1266 Oroup VII. Polyvalent Iodine Compounds 

iodonium bases, is to shake the iodide chloride in the cold with water 
and mercury diaryl, when a mixture of Ar -Hg Cl and the double salt 
(Ar 2 l) 2 [HgCl 4 ] is produced. The latter is then extracted with water and 
decomposed by hydrogen sulphide. 

Probably the best method of preparing the iodonium compounds is that 
of Masson and Race.®*® They find that if benzene, toluene, or chloro-, 
bromo-, or iodo-benzene is shaken with a cold solution of iodine pentoxide 
in concentrated sulphuric acid, it dissolves to form a dark solution. After 
adding cold water and filtering off a small quantity of iodo-compound 
the filtrate on reduction with sulphur dioxide gives a large yield of the 
yellow salt Ar 2 l[I]. In this reaction the iodine always enters in the para 
position to any methyl or halogen already present; with meta directing 
substituents like NO 2 only small yields of the iodonium salts are got. 

This reaction is obscure, but it can be summarized thus: 

HIO 3 + 2 Ar.H + H 2 SO 4 - Ar 2 l[S 04 H] + 2 H 2 O + 

The state of the oxidizing agent represented by ‘ O ’ is not explained, but 
about 15 per cent, of the aromatic compound is lost, and no doubt is 
oxidized by this oxygen. Probably the iodine pentoxide is reduced by part 
of the organic material to the trivalent stage, which in the presence of the 
sulphuric acid (which is necessary to the reaction) is stabilized as the 
sulphate; Fichter and Kappeler*®* have shown that such a sulphate of 
trivalent iodine is formed. We may suppose that this acts in the form of 
the iodyl ion 10 ^ (or much less probably the trivalent ion) thus: 

10-^ + 2 H Ar = HjO + Argl^. 

The iodine atom in the iodonium ion Argl"*^ has a complete octet of 
electrons and an inert gas number; there is thus no question of the 
iodonium compounds (except perhaps to a small extent the free base) not 
being ionized. The ionic structure of the salts, and in particular the 
halides, is evident. They are fairly soluble in water; they give conducting 
solutions, as do also the free bases; they form double salts of the t 3 rpe 8 
[Ar 2 l] 2 PtCl 4 ,, [Ar 2 l] 2 HgCl 4 , and Ar 2 l[AuCl 4 ] (no such double salts are 
formed by the iodide chlorides). The X-ray measurement of the iodide 
confirms this conclusion^®®®; the shortest distance between two iodine 
atoms in diphenyl iodonium iodide is 3*5 A.U.; the theory for the sum of 
the radii of one iodine atom and one I” ion is 3-53: for the covalent I—I 
link (2 atomic radii) 2*7; the I—I distance in NH 4 lg was found^®®^ to be 
2-8 A.U. 

Further it has been shown^®®* that if inactive treated in solution 

with radioactive sodium iodide, it at once shares half its iodine with the 

I. Masson and E. Race, J.C.S. 1937, 1718. 

••• F. Fichter and H. Kappeler, Z, anorg, Chem. 1916, 91, 134. 
looo w. V. Medlin, J.A.C.S, 1936, 57, 1026. 

R. C. L. Mooney, Phys. Eev, 1934, 45, 766. 

1002 p Juliusburger, B. Topley, and J. Weiss, J,C.S. 1936, 1296. 
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organic salt, but the linking iodine atom is not shared, and if the iodonium 
is precipitated with excess of inactive sodium iodide it is found to be 
inactive. This covalent iodine atom is not exchanged at all, even on heating 
up to its decomposition point. The free iodonium bases ArgI • OH are only 
known in solution, being made from the halides with silver oxide. The 
solution has a strong alkaline reaction and absorbs CO 2 from the air to 
form a carbonate (this does not necessitate a higher dissociation constant 
than about 10~^, since ammonia behaves in this way). The salts are more 
or less soluble in water; the iodide is the least soluble of the halides and 
the fluoride the most.^®^^ They include a series of perhalides,^*^^* such as 
<I> 2 l[ICl 2 ], <I> 2 l[Cl 3 ] (a very rare type), and (I) 2 l[ICl 4 ], melting-point 119°. 

A cycUc iodonium compound, in which the two carbon atoms attached 
to the iodine are part of the same radical, has been prepared by MascarelU 
in the o, o'-diphenylene iodonium salts.^®®^ This base was made from the 
corresponding di-iodo-compound by treating a mixture of its iodoso and 
iodoxy-compounds with silver oxide. The free base has the structure 



[OH]. 

It was not isolated, but the solution was found to be strongly alkahne, and 
to absorb COg from the air. A series of its salts were prepared.In this 
compound, as in the cyclic iodoso-compounds, the ring-structure is the 
cause of exceptional stabihty. The iodonium compound is formed with the 
greatest ease, being produced from the corresponding di-iodide chloride 
or di-iodoso-compound on keeping, and also produced directly when o, 
o'-diamino-diphenyl is diazotized and treated with alkahne potassium 
iodide. 

When the iodonium iodides are heated, they decompose a little above 
400° into two molecules of the iodide: 

Argl [I] = 2 Ar l. 

Two mechanisms have been suggested for this reaction: (A) that in a first 
stage one aryl group breaks off from the iodine, and this group then 
combines with an iodine ion; (B) that the iodine ion substitutes in one ring 
first, before the scission takes place. 

These hypotheses were tested by Lucas^®^’ by examining the products 
of decomposition of di-o-tolyl iodonium iodide, which goes over completely 
in the sohd state in a few minutes at 155°. This substance on mechanism 
(A) would give (see below) two molecules of o-iodotoluene; on (B), since 

100 s O. Forster and J. H. Schaeppi, ib. 1912, 101, 382. 

H. J. Emel^us and H. G. Heal, ib. 1946, 1126. 

100*^ L. Mascarelli, Atti R, Line, 1907, 16, ii. 662; 1908, 17, ii. 680; 1912, 21, 
ii. 617. 

See M.I. 206. 

J. H. Lucas, E. R. Kennedy, and C. A. Wilmot, J,A.C,S. 1936, 58, 167. 
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the new iodine atom would presumably enter ortho- or para- to the linking 
iodine, it would give 1 molecule of ortho- and 1 of meta-iodotoluene: 

(A) (B) 



Experiment showed that only ortho-iodotoluene was formed, so the first 
mechanism appears to be the true one. 

The dynamics of this reaction were studied by Fletcher and Hinshel- 
wood.^®®^ They determined the rate of decomposition of a saturated 
solution of phenyl iodonium iodide in phenyl iodide (the reaction took 
several hours at 111°: soF 0-00106/0°, 0-00290/25°, 0-0334/95°). The reac¬ 
tion is probably unimolecular, and the heat of activation 29-5 k.cals. The 
rate of reaction is between 10* and 10® times as great as is calculated from 
the number of collisions with this heat of activation, allowing for two 
squared terms, and so indicates that the molecule has about 7 degrees of 
freedom. The rates of decomposition which have been previously measured 
of the salts of the bases NR4, PR4, and SR3 also show this ratio of about 10®. 

With the unsymmetrical ^-anisyl-phenyl iodonium chloride and 
bromide it has been shown*^®® that on decomposition the anisyl nucleus 
remains attached to the iodine, and the phenyl goes to the bromine or 
chlorine. « 

ALIPHATIC COMPOUNDS OF TRIVALENT IODINE 
These were discovered by Thiele; they are few in number and all 
unstable. The derivatives with saturated alkyl groups are the least stable; 
unsaturated radicals such as —CH^CRg behave more like aryls. The 
formation of these trivalent iodine compounds, and especially of the 
iodide chlorides from which the rest are obtained, is opposed by a tendency 
to three reactions: (1) a redissociation into R l-fClg, (2) the chlorination 
by the —IClg group (with its reduction to —I) of some other part of the 
molecule, and (3) the reaction 

R.ICI 2 - R Cl + ICl. 

The last of these reactions will be less likely to occur the firmer the attach¬ 
ment of the iodine to the hydrocarbon radical, and this attachment is 

C. J. M. Fletcher and C. N. Hiiishelwood, J.C.S, 1936, 696. 

R. B. Sandin, M, Kulka, and R. McCready, J.A.C.S. 1937, 59, 2014. 

R. B. Sandin, F. T. McClure, and F. Irwin, ib. 1939, 61, 2944. 
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strong both with an aryl, and when a doubly linked carbon carries the 
iodine. In a saturated alkyl iodide it is relatively weak. 

Thiele^^ii showed that many alkyl iodides if treated at a low tempera¬ 
ture with chlorine in a mixture of carbon tetrachloride and ligroin are 
converted into iodide chlorides; this was effected with methyl iodide, 
methylene di-iodide (only one iodine being converted into —IClg), ethyl, 
isopropyl, and tertiary butyl iodides. The products are yellow crystalline 
sohds, which are very unstable and even at low (and fairly definite) 
temperatures decompose into alkyl chloride +IC1. The most stable are 
the methylene compound I CH 2 ICI 2 (decomposition point —11-5°); 
CH 3 ICI 2 ( — 28'^); C 2 H 5 ICI 2 ( — 36°). The secondary and especially the 
tertiary compounds are far less stable; the isopropyl compound decom¬ 
poses only just above — 100 °, and the tertiary butyl far below it. No 
iodoso- or iodoxy-compounds were obtained from them, but Thiele made, 
in the same way as the chlorides, methyl iodide bromide CHg lBrg, 
orange-yellow plates (analysed) decomposing at — 45 °. 

The remarkable fact that methyl iodide bromide is not much lesc stable 
than the iodide chloride, whereas among the much more stable aryl 
derivatives the iodide bromides are unknown, may be due to steric causes. 
It is probable (though not certain) that the thre^ atoms attached to the 
iodine lie in a plane with it, and there may be room for a methyl, but not 
for an aryl, in addition to the two bromines. 

More stable than these saturated compounds are the vinyl derivatives, 
containing the group I—C—; this is no doubt mainly due to the much 
firmer attachment of the iodine. Thus symmetrical di-iodo- and chloro- 
iodo-ethylene both give iodide chlorides 

I * CH=--CH. ICI 2 and Cl • CH--CH JCI 2 ; 

the first of these decomposes at +37°; the second, which is more stable, 
has a real melting-point of 77°. This latter is stable enough to be converted 
by alkalies into the iodoso-compound Cl-011=011 10 , which has the 
characteristic ‘iodoso smell', and gives the usual derivatives with acids 
such as a diacetate and a chromate; it is not very stable; it explodes at 
63°; it decomposes on keeping; if it is treated with water at 72-75° it is 
converted in the normal way into the iodoxy-compound and the iodide, 
i.e. into 01 *011=011- 102 + 01 -011=011-I. The iodoxy-compound forms 
white crystals, which explode with great violence if heated to 135°, or if 
struck or rubbed. It dissolves fairly readily in water, but not in the 
ordinary organic solvents. It dissolves readily in sodium hydroxide solu¬ 
tion, evolving acetylene: 

C 1 .CH=CH.I 02 + H 2 O = HIO 3 + C 2 H 2 + HCl. 

A further series of non-aromatic trivalent iodine derivatives are the 
cyclic fumaric and acrylic compounds already mentioned (p. 1253). 

J. Thiele a«id W. Peter, Ann. 1909, 369, 149. 
j. Thiele and H. Haakh, ib. 131. 




1260 


Group VJL Polyvalent Iodine Compounds 

lodonium salts containing non-aryl radicals were first made by WUl- 
gerodt^®^® by the action of an iodide chloride on silver acetylide in presence 
of water: 


2 Ar lClg j Ag.C-=CH 


Ar—1—H + AgCl + Arl. 

I \ 

[Cl] Cl Cl 


This reaction was extended by Thiele,^ acted with silver acetylide 
on the iodide chloride of chloro>iodo>ethylene, and obtained the piirelj^ 
aliphatic iodonium salt with this formula. 


/Cl 

C1CH--.C< 

;i [Cl] 

C1‘CH--C\ 

At the same time a certain ftiiiount of the iodoso-compound Cl • CH=^H • 10 
is undoubtedly formed, and can be recognized by its smell. 

These iodonium salts resemble those of the diaryl iodonium bases very 
closely. Thus the chloride is easily soluble in water, and forms double 
salts with auric and platinic chlorides. The bromide and iodide are sparingl}^ 
soluble in water. Treatment of the halides with alkali, in order to obtain 
the free base, led to complete decomposition. 

Attempts to make the iodide chloride from acetyl iodide, and from 
benzyl iodide, were quite unsuccessful. 


ELEMENT NO. 85 (ASTATINE*)i«2^ 

There seems to be no doubt now that this element has been obtained as 
artificial product of nuclear bombardment. The claim^”^^~^^ to have 
identified it among the products of the decay of radium, or perhaps of 
thorium^®^® or actinium^®^^*^®^ has been disputed,and is not yet 
established. It is, however, probable^®^*“^^ that it is among the products 
of radium, being formed from RaA by the loss of a /3-particle. 

Segr6 et aL found^®22-3 when bismuth (chosen because the next 
element polonium is so rare) is bombarded with a-particles of 32 m.e.v. 
energ 3 % a product is obtained of 7*5 hours half-life, which cannot be 
identified with Tl, Pb, Bi, Po, or any other known element up to uranium, 
and so is probably No. 85, though its properties are rather more Uke those 
* This name, meaning unstable, has been suggested for the element. 

loi* Ber. 1897, 30, 56 ; 1898, 31, 915. 

101* H. Hulubei and Y. Cauchois, (7.B. 1939, 209, 39. 

loi* Id., ib. 1940, 210, 696. 

ioi« w. Minder, Helv. Phya, Acta, 1940, 13, 144 (Amer. O.A. 1940, 7735). 

101’ A. Leigh-Smith and W. Minder, Nature, 1942, 150, 767. 

101* B. K€u*lik and T, Bemert, Naturwiaa,, 1942, 30, 685. 

101* S. Fliigge and A. Krebs, ib. 1944, 32, 71. 

10*0 B. Karlik and T. Bemert, ib. 44. io*i Id., ib. 1946, 33, 23. 

10** D. R. Corson, K. R. MaoKenzie, and E. Segr4, Phya, Rev. 1940, ii. 57, 469* 

io*» Id., ib. ii. 58, 672. 
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of polonium. If it is mixed with a bismuth salt it is precipitated with it 
by hydrogen sulphide; if it is mixed with iodine it is not separated along 
with it by silver nitrate; it can be deposited electrolytically. One of its few 
haloid properties is that it is found to be concentrated in the thyroids of 
guinea-pigs. Paneth points out^"** that it should be easy to identify it by 
reduction to the volatile hydride. 

The element undergoes further change in an unusual way: 


211 _L ® o 

86 i“ -1 ® 
^iiAcC' 


7*5 hours 


1 /300 sec. 


^JlAcC' 


j AcD + 5 He. 


The first of these two reactions is pecuUar, in that the 85 nucleus picks up 
one of its own K electrons. 


1^24 F. A. Paneth, Nature, 1942, 149, 567. 
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25 Manganese 

43 Technetium 

75 Rhenium 

[93 Neptunium] 

At. wt. 1938 

54*93 

(ca. 98) 

186*31 


Rad. of atom 

M8 


1*37 A.U. 


Parts per million 
in earth’s crust . 

930 

0 

0*001 



T he distribution of the elements in this subgroup is peculiar. The first 
member, manganese, is about the tenth commonest element in the 
earth's crust. It has been known from very early times, and much of its 
chemistry was described by Scheele in 1774. It remained the only known 
member of the subgroup for 150 years after this, until in 1925 Noddack 
and Frl. Tacke announced the discovery of the next two elements 43 and 
75, which they called Masurium and Rhenium; they had made a systematic 
search among what they thought the most probable minerals, and after 
considerably concentrating any Gp. VII A elements that might be pre¬ 
sent, claimed to have identified these two by means of their X-ray lines. 
Since this announcement rhenium has been obtained in some quantity; it 
is about as abundant in the earth's crust as rhodium or iridium; its 
chemistry has been worked out in very considerable detail. With 
masurium, on the other hand, no subsequent work has been reported, so 
that it must be assumed that it has not yet been shown to be a permanent 
component of the earth, although recently it has been made by nuclear 
bombardment, in quantities minute but suflScient for some of its more 
important chemical properties to be determined. Element 93 (neptunium) 
has now been made in quantity in the production of plutonium for the 
atomic bomb, and much of its chemistry is known (see VI. 1094); but as 
a ‘uranide' element it does not belong to Gp. VII any more than cerium 
does to Gp. IV or praseodymium to Gp. V. 

Our chemical knowledge of the members of this subgroup is thus almost 
confined to the two elements manganese and rhenium. 

On the analogy of other A subgroups, we should expect the elements 
to have valencies ranging from 2 (or possibly 1) to the group valency of 7, 
and the only compounds showing any resemblance to those of the Gp. VIIB 
elements (the halogens) to be those in which the atom has this group 
valency of 7, that is, the permanganates and perrhenates as compared 
with the perchlorates and periodates. Also on going from manganese to 
rhenium the lower valencies should become less stable as compared with 
the higher, and in any particular valency the tendency to form cations 
should become less. 

The facts entirely confirm these expectations. Manganese has valencies 
of 7, 6, 4, 3, 2, and probably 1; rhenium has all these and 6 as well. With 
manganese the most stable valencies are 7, 4, and 2, the first being that of 
the permanganates and the last that of the divalent cation. In rhenium 
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the stability of the highest valency of 7 in the perrhenates is markedly 
greater than that of manganese in the permanganates; the valency of 4 
is stable with rhenium also, while the valency of 2 with rhenium, though it 
does occur in solution, is so unstable that the compounds cannot be 
isolated. 

The greater stability of the highest valency in rhenium is shown in the 
heptoxide, which boils undecomposed at 350®, while Mn 207 begins to lose 
oxygen at 0 ®; in consequence, if a rhenium compound is heated in air, the 
rhenium sublimes away as the heptoxide (just as osmium does as O 8 O 4 ), 
whereas manganese is ultimately left behind as manganous oxide MnO. 
So too, while KMn 04 begins to give off oxygen at 200 ®, KRe 04 can be 
distilled without change at 1,370®. 

A striking diflFerence is that rhenium heptoxide and the perrhenates are 
colourless, apparently because the absorption bands are shifted with 
rhenium into the ultra-violet. The rhenates M 2 Re 04 are, however, green 
like the manganates, and many of the rhfenium compounds of the lower 
valencies are coloured. 

The other element of this subgroup, masurium 43, can be got only by 
nuclear bombardment, and so only in minute quantities. Enough, however, 
is known of its chemistry to show that it resembles rhenium far more 
closely than manganese; if the active material is mixed with manganese 
and rhenium and the two are separated, the activity practically always 
goes with the rhenium. This is to be expected from the behaviour of the 
previous A subgroups, as may be seen by comparing Ti with Zr and Hf, 
V with Nb and Ta, Cr with Mo and W, or Fe with Ru and Os. 
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MANGANESE 

Manganese is present in the earth’s crust to the extent of 930 parts per 
million^®^^ (compare F 270, P 786, S 500, Cl 480, Ba 390; the only com¬ 
moner elements are, in order of atomic numbers O, Na, Mg, Al, Si, K, Ca, 
Ti, and Fe, so that manganese is tenth in order of abundance). It is very 
widely distributed in minerals, and next to iron one of the most frequent 
constituents of rocks; it is widely distributed also in the vegetable and to 
a less extent in the animal kingdom. Its most important ore is pyrolusite 
MnOg, but there are many others, nearly all of them oxides, such as 
braunite MugOg^and hausmannite Mn 304 ; iron ores nearly always contain 
a certain proportion of manganese. 

Metallic manganese is mainly used (to the extent of more than a million 
tons per annum) to remove oxygen from iron and steel, being employed 
in the form of its iron alloys spiegeleisen and ferromanganese. It is also 
a constituent of certain valuable alloys such as manganin (Cu 84 per cent., 
Mn 12 per cent., Ni 4 per cent.), which is used in precision instruments for 
electrical measurements, because its electrical conductivity has only a 
very small temperature coefficient. Manganese dioxide (‘Glassmakers’ 
soap’) is used to remove the colour from glass which contains ii*on; potas¬ 
sium and calcium permanganate are used as disinfectants, and manganous 
salts such as the chloride and sulphate are employed in agriculture to 
stimulate the germination of seeds. Manganese deficiency can cause 
diseases in vegetation. 

Manganese occurs in its compounds with the valencies of 7, 6, 4, 3, 2, 
and 1. In the first two of these states it is acidic and not basic, and occurs 
only as the strong permanganic acid H[Mn^^^ 04 ] (violet) and the (perhaps 
less strong) manganic acid H 2 Mn ’^*04 (green), and their derivatives. Hexa- 
valent manganese is unstable and readily changes (disproportionates) into 
a mixture of hepta- and tetravalent manganese, e.g. into permanganic 
acid and manganese dioxide. 

Tetravalent manganese is almost whoUy acidic as in the manganites, 
which are the salts derived from the definite though weak acid (HO) 2 MnO 
or HgMnOg. The tetravalent manganese compounds are unstable partly 
because of the readiness with which they hydrolyse and precipitate the 
very insoluble Mn02, and partly because they are so easily reduced. In 
its very few soluble derivatives the Mn*^ is always part of a complex anion. 
While Mn'^^ is like and Mn^* rather like Mn*^, apart from its 
changes of valency, more resembles or Pb*'". 

In its lower valencies of 3 and 2 manganese is no longer acidic, but is in 
the wider sense basic. It affords a good illustration of the rather ambiguous 
nature of this word. In both states it is basic in the sense that it replaces 
the hydrogen of acids; but the divalent derivatives are nearly all simple 
salts of the monatomic cation Mn"*""^, which is much the most stable 
ionized form of the element, and more stable than Cr'’ or even Fe", while 
the only stable compounds of trivalent manganese are complexes in which 
1026 V. M. Goldschmidt, J.C.S. 1937, 656. 
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the manganese is in the anion; the simple Mn'" compounds all decompose 
practically instantaneously in one or two ways, partly by their ready 
hydrolysis with the precipitation of MngOa or its hydrates, and partly by 
disproportionation into Mn^’^ and Mn^*. We also find as usual that while 
the lower of these two valencies is the more stable in the simple cations, 
it is the less stable in the covalent state, so that manganous hydroxide 
Mn(OH )2 precipitated from the stable manganous solution is oxidized by 
the air to the trivalent condition. In the same way the complexes are 
more stable in the trivalent state, as they are with cobalt. 

Metallic Manganese 

This is most conveniently made by reducing the oxide with aluminium 
(Goldschmidt’s method); MnOg reacts so violently that it must first be 
reduced by heating to Mn 304 . Reduction with charcoal gives a very 
impure metal with much dissolved carbon. 

Metallic manganese boils at 2 , 032 °i ®26 g^^^id melts at l,247°,i®27 jg 
iron in appearance, but it is harder (not quite so hard as cast iron) and 
much more brittle, so that it can be powdered in a steel mortar. It occurs 
in at least two forms,an a-, stable from the ordinary temperature 
up to about and a )3-, stable above this. A supposed third 

form, y- or electrolytic manganese, is probably a hydride.^®®® 

The crystal structure is extremely complicated. In the a-modifica- 
tion'®3®'i the unit cell contains 58 atoms, whose positions and distances 
show that they are in at least four different states of valency or linkage, 
the interatomic distances varying from 2*25 to 2*95 A.U. (the ratio, 
0*763:1, is almost the same as that (0*778:1) of C^C to C—C), but there 
is much distortion. The structure of jS-manganese,^®®^ with 20 atoms in the 
unit cell, is imperfectly made out. 

Manganese forms numerous alloys. It gives a continuous series of solid 
solutions with each of the four elements next after it, iron, cobalt, nickel, 
and copper. With aluminium and with antimony, especially in the presence 
of a small amount of copper, it forms the well-known Heusler alloys, 
which are highly ferromagnetic, although they contain no ferromagnetic 
element. The addition of a small quantity of silicon makes manganese as 
hard as steel. 

Chemically manganese is a highly reactive and ignoble metal. It decom¬ 
poses water slowly in the cold and rapidly on heating, and dissolves 
readily in dilute mineral acids with evolution of hydrogen and formation 
of the divalent manganous salt. It is converted by fluorine into the 

Extrapolated; E. Baiir and R. Brunner, Helv. Chim. Acta, 1934, 17, 968. 

H. Moser, E. Raub, and E. Vincke, Z. anorg. Chem, 1933, 210, 67. 

1028 A. Westgren and G. Phragm6n, Z. Phys. 1926, 33, 777. 

A. J. Bradley, PhiL Mag. 1925, 50, 1018. 

A. J. Bradley and J. Thewlis, Proc. Roy. Soc. 1927, 115, 466. 

G. D. Preston, Phil. Mag. 1928, [vii] 5, 1198. »»»* Id., ib. 1207. 

G. Johannsen and H. Nitka, Phya. Z. 1938, 39, 440. 
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di- and the tri fluoride, and by chlorine into manganous chloride MnClg; 
if it is heated in nitrogen above 1,200° it burns to form a nitride. 

Manganese and Hydrogen 

No hydride seems to be known except the spectroscopic hydride 
(unless the so-called y-manganese is a hydride). According to 
Lorenz and Heusler^”^^ the metal has no action on hydrogen at any 
temperature. 

Manganese and Carbon 

Fused manganese dissolves carbon just as iron does, ultimately forming 
a carbide. Various carbides have been described, but the only definite one 
is MngC; there is also a metastable Mn 4 C. They are made by heating 
manganese with carbon or with methane, or manganous oxide with sugar 
charcoal. MugC is hydrolysed by water, giving mainly methane and 
ethane.^®^® 

Manganese and Nitrogen 

If the metal is heated in nitrogen gas it begins to glow at 1,210-1,220°, 
and then burns with a flame, absorbing nitrogen more readily even than 
magnesium. The compound formed is most probably MngNg, which, how¬ 
ever, seems to form a solid solution at least with manganese.^®®® Another 
compound, probably MnNg, is got by the action of ammonia on manganese 
at a white heat; it is distinguished by being [apparently ferro-] magnetic.^®^® 

HEPTAVALENT MANGANESE 

This valency is confined to the strong acid permanganic acid HMn 04 , 
its anhydride, Mn 207 , and its salts. These are all distinguished by brilliant 
colours, the acid and its salts being purple and the anhydride dark green. 
In these compounds the manganese has its group valency, i.e. it is sharing 
all the electrons which it has in excess of the preceding inert gas; it has a 
core of 25—7 == 18 electrons, arranged as 2. 8. 8. There is thus a close 
analogy to the compounds of heptavalent chlorine, such as HCIO 4 , where 
again the core (2. 8) is made up of complete quantum groups. The per¬ 
manganates and perchlorates are in general isomorphous, and the potassium 
salts can form a continuous series of solid solutions with one another. It is 
in accordance with the behaviour of the earlier groups that in the com¬ 
pounds where it has the group valency manganese should always be acidic 
(compare H 4 Ti 04 , H 3 VO 4 , H 2 Cr 04 ). 

T. E. Nevin, Proc, Roy. Irish Acad. 1942, A 48, 1. 

R. Lorenz and F. Heusler, Z. anorg. Ghem. 1893, 3, 225. 

O. Ruff, Ber. 1912, 45, 3139; O. Ruff and E. Gersten, ib. 1913, 46, 400. 

1087 Schenck and K. Meyer, Z. anorg. Chem. 1938, 239, 161. 

1088 R. Myers and W. P. Fishel, J.A.G.S. 1945, 67, 1962. 

108 # Y. Haber and G. van Oordt, Z. anorg. Chem. 1905, 44, 341. 

1040 E. Wedekind, Phys. Z. 1906, 7, 805; Z. Elektrochem. 1906, 12, 810; Ber. 1908, 
41, 3769. 
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Permanganic Anhydride, Mn 207 

Like perchloric acid permanganic acid forms a liquid and volatile 
anhydride MngOv, which is, however, far less stable than CI 2 O 7 (which 
when pure can be distilled at 80° under ordinary pressure) owing to its 
tendency to lose oxygen and go over into the very stable MnOg. 

The heptoxide is made^®^^"^ by adding powdered potassium perman¬ 
ganate in quantity to concentrated sulphuric acid, when it separates as a 
dark oil of high specific gravity (2-4), which can be distilled slowly in a 
stream of air at 15 mm. pressure at 0°, and freezes in hquid air to dark 
green crystals.^®^^ 

It is stable at — 5°; at 0 ° it begins to give oflf oxygen, but the decomposi¬ 
tion is very slow up to + 10 °, when it becomes rapid, and soon explo¬ 
sive.^®*^ The decomposition is irreversible; its products are Mn 02 and 
oxygen; the intermediate formation of a trioxide MnOg could not be 
detected.^®** If it is added to a small quantity of water, the heat evolved 
(12 k.cals. per Mn 207 ) decomposes it, but if it is dropped into a large excess 
of water it forms a purple solution of permanganic acid; the acid can be 
concentrated by evaporation of the solution up to 20 per cent. HMn 04 , 
but above this strength it decomposes. 

The heptoxide is an even stronger oxidizing agent than permanganic 
acid, and combustible substances take fire when they come into contact 
with it. It will, however, dissolve without decomposition in acetic 
anhydride, forming a purple solution (which may contain a mixed anhy¬ 
dride CHgCOOMnOg). 

Permanganic Acid, HMn 04 

This acid has never been isolated, but its solution can be made, for 
example, by the action of H 2 SO 4 on the barium salt. The dilute solution, 
which has, of course, the purple colour of the [Mn 04 ]“ ion, is very stable, 
but if concentrated beyond about 20 per cent, it begins to decompose. 
Dubois^®*^ has obtained a 2*6 molar (24*5 per cent.) aqueous solution, which 
froze at ™ 11 ° to a cryohydric mass of crystals of ice, and (no doubt 
hydrated) permanganic acid. The latter could not be isolated, and in 
daylight the solid soon began to deposit Mn 02 , and evolve ozone. 

Conductivity measurements^®*®'^®*® show that permanganic acid is a 
strong acid. Hence its reactions are essentially those of the MnOi ion, 
and of its salts. 

Permanganates 

The permanganates are made by oxidizing manganous salts or man¬ 
ganese dioxide with various oxidizing agents, including atmospheric air, 

1041 B. Franke, J. prakt. Chem. 1887, [2] 36, 31. 

1042 T. E. Thorpe and F. J. Hambly, J.C.S, 1888, 53, 175. 

10^3 j. M. Lov4n, Ber. 1892, 25, ref. 620. 

104^ A. Simon and F. Feh^r, Z. Elektrochem, 1932, 38, 137. 

10*1^ P. Dubois, C.R. 1935, 200, 1107. 

H. N. Morse and J. C. Olsen, Amer. Chem, J. 1900, 23, 431. 
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in presence of alkali, the oxidation being carried either directly to the 
heptavalent state, or to the hexavalent state of the manganates M 2 Mn 04 . 
The presence of alkali favours the acidic derivatives of the higher valencies, 
and a large excess the (dibasic) hexavalent as against the heptavalent stage. 
Lead dioxide in concentrated sulphuric acid or nitric acid, or periodates 
will convert manganous salts directly into permanganates. The manganate 
can be made (see p. 1270) by heating manganese dioxide with alkah in 
presence of air or potassium nitrate; it is then converted into the perman¬ 
ganate by treatment with acid 

3 KjMnO^ + 2 HgO = 2 KMnO^ + MnO, -f 4 KOH 
or by oxidation either with chlorine 

2 KjjMnO^ + CI 2 - 2 KMnO^ + 2 KCl 

or electrolytically. 

The best knowm salts are those of the alkalies, particularly potassium; 

, the sodium salt is inconveniently soluble. The potassium salt forms a 
continuous series of sohd solutions with potassium perchlorate: the 
ammonium salts of these two acids behave in the same way. Potassium 
permanganate also forms solid solutions with barium sulphate.For the 
crystal structure and solubilities of silver permanganate see references 
respectively. 

The solubilities (in g. per 100 g. water) of some of these are: Li, 3 H 2 O, 
71/16°; Na, 3 HgO very large; K, 6*34/20°; Rb, 1*1/19°; Cs, 0*23/19°; 
Ag, 0*92/20°. 

The characteristic brilliant colour of the permanganate solutions has 
always attracted attention. The absorption spectrum shows a series of 
well-marked bands, of which seven can be detected in the visible region, 
becoming less intense towards the ultra-violet. In the early days of the 
ionic theory Ostwald^®®® showed that the positions of the 4 least refrangible 
of these bands with 13 different permanganates in dilute solution in water 
were identical, Merton^®®^ showed that in a series of solvents, such as 
water, acetone, methyl acetate, alcohols, acetonitrile, etc., while the rela¬ 
tive positions of the bands are scarcely affected, the absolute positions are 
shifted, the maximum being about 0*5 per cent. (30 A.U.) from water to 
methyl alcohol. The same holds for the solid solution in KCIO 4 , but the 
shift is much larger (about 140 A.U., or 2*5 per cent.). This work is sup¬ 
ported by that of Hagenbach^*^^^ (iji solid solution at —180°) of 
Schnetzler.^®^^ Later work^"^® carried out at the boiling-point of hydro- 

H. G. Grimm, C. Peters, H. Wolff, Z. anorg, Chem. 1938, 236, 67. 

K. Sasvari, Z, Krist. 1938, 99, 9. 

104# p Hein and W. Daniel, Z, anorg, Chern. 1937, 234, 155. 

^0*^0 Z, physikal. Chem, 1892, 9, 579. 

10*1 T. R. Merton, J.C,S, 1911, 99, 637. 

1062 A. Hagenbach and R. Percy, Helv, Chim, Acta, 1922, 5, 454. 

K. Schnetzler, Z. phyaikal. Chem. 1931, B 14, 241. 
low j. Teltow, ib. 1938, B 40, 397. low i^., ib. 1939, B 43, 198. 
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gen (20-4® K.) with the solid solution in KCIO 4 gives a more detailed 
analysis of the bands. 

Of the chemical reactions of the Mn 04 most important are of 

course its oxidations, which take place in more ways than one. In very 
strong alkaline solution KJVfn 04 evolves oxygen and goes over to the 
manganate; this is presumably due to the energy evolved by the conver¬ 
sion of a monobasic into a dibasic acid in alkaline surroundings. In 
moderately alkaline neutral or feebly acid solution, permanganates are 
reduced by oxidizable substances to MnOg: 

2 KMn04 + 6 H - 2 MnO^ + 2 KOH + 2 HgO. 

In definitely acid solution the manganese is reduced to the manganous 
state: 

2 KMn04 + 3 H 2 SO 4 + 10 H = K 2 SO 4 + 2 MnS04 + 8 HjO. 

In this way KMn 04 is able to effect an enormous number of oxidations, 
especially in acid solution; thus it oxidizes ferrous iron, hydrogen peroxide 
(to oxygen), as well as formic, oxalic, and nitrous acids. It is to be noticed 
that in the absence of acids it gives a stable solution in pure acetone. The 
mechanism of these oxidations is very imperfectly understood. 

When dry KMn 04 is heated, it begins to give off oxygen at 200 ®, forming 
in the first instance potassium manganate and manganese dioxide, 
which at higher temperatures break down further to MugOg. 

Hein^®^"® has found that a solution of silver permanganate absorbs 
hydrogen much more rapidly than the potassium salt; the nature of the 
products (which contain silver and manganese) is obscure. For the kinetics 
of the thermal decomposition of silver permanganate (giving silver oxide, 
manganese dioxide, and oxygen) see reference 

HEXAVALENT MANGANESE 

The compounds of this class are confined to manganic acid H 2 Mn 04 
(known only in solution) and its salts: the supposed anhydride MnOj does 
not seem to exist. 

Potassium manganate K 2 Mn 04 was made by Scheele by heating MnOg 
with potassium nitrate, and was called by him 'mineral chameleon’ 
because the green solution readily goes purple (from the formation of 
permanganate) in presence of acids. 

Supposed Manganese Trioxide 

The claim^®®^“2 that a volatile tiioxide can be made by heating a solu¬ 
tion of KJVln 04 in H 2 SO 4 as a volatile substance giving a purple vapour has 
G. Rudorf, Z, anorg, Ckem. 1901, 27, 58. 

P. Askenasy and A. Solberg, Nemat-Festachr. Halle, 1912, p. 53. 

F. Hein, W. Daniel, and H. Sehwedler, Z. anorg. Chem. 1937, 233, 161. 

F. Hein, ib. 235, 25. 

E. G. Prout and F. C. Tompkins, Trana. Far. Soc. 1946, 42, 468. 

1061 3 Franke, J. prakt. Chem. 1887, [2] 36, 31. 

1062 X. E. Thorpe and F. J. Hambly, J.C.S. 1888, 53, 175. 
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been disproved.^®®® Simon^®®^ showed that when manganese heptoxide 
loses oxygen on warming, it goes straight to the dioxide, with no sign of 
the intermediate formation of MnOg. 

It would thus appear that the trioxide does not exist. 

Manganic Acid^ H 2 Mn 04 , and the Manganates 

Manganates can be made from manganese dioxide by heating with 
alkah, (1) by Scheele's method of oxidizing with potassium nitrate, (2) by 
oxidation with air alone (this is the method used on the large scale in the 
manufacture of permanganates), and (3) even in the absence of air, the 
dioxide being in that case converted into a mixture of the monoxide MnO 
and the manganate. 

The oxidation of manganese dioxide by air in the presence of alkali is 
never complete. If excess of MnOg is used, the reaction stops when 60 per 
cent, of the potash has been converted into K 2 Mn 04 ^®®®; this appears to be 
due to the production of a saturated solid solution of 3 parts K 2 Mn 04 and 
2 parts manganite KgMnOg. If the potassium hydroxide is in excess the 
oxidation is again imperfect, the average ratio of manganese to oxygen 
being 1: 2*6 (instead of 1:3), which is supposed^®®® to be due to the forma¬ 
tion of a definite compound MngOia. 

The manganate is extracted from the green fused mass by water. It 
would appear that the free acid is very unstable, but the ion MnOJ 
stable; the salt is quite stable in solution so long as an excess of alkali is 
present, in fact it can then as we have seen become even more stable than 
the permanganate ion; but in pure water or in presence of acids it readily 
changes over into the permanganate and manganese dioxide: 

3 Mn07” + 2 HgO = MnOg + 2 MnO^ + 4 OH“. 

This change occurs in pure water, so that the solution must be readily 
hydrolysed, and manganic acid a weak acid; but the reaction is obviously 
promoted by the extremely small (but unmeasured) solubility of the 
dioxide. If the liquid is boiled, this disproportionation will occur even in 
alkaline solution (which favours the weak-acid hydrolysis view). 

The most important of the manganates is the potassium salt, which is 
the sole source of potassium permanganate. It forms small dark-green 
crystals; the absorption bands (Teltow^®®®^^) are very similar to those 
of the permanganates. I, It is very soluble in water, but the solubility 
cannot be measured in pure water, because the salt then changes into 
KMn 04 4- Mn02 J presence of excess of KOH it is stable, and the 
solubility in moles of K 2 Mn 04 per litre at 20° is in 2-N. KOH 114, and 
in 8-N. KOH 0*078. 

F. R. Lankshear, Z. anorg. Chem, 1913, 82, 97. 

A. Simon and F. Feh6r, Z, Elektrochem, 1932, 38, 137. 

P. Askenasy and S. Klonowsky, ib. 1910, 16, 104. 

O. Sackur, Ber. 1910, 43, 381, 448; 1911, 44, 777; F. Bahr and O. Sackur, Z. 
anorg, Chem, 1911, 73, 101. 
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If the solid salt is heated above 500° it loses oxygen and is converted 
into the manganite KgMnOg. 

The sodium salt occurs with 0, 4, 6, and 8 molecules of water. It is 
black, and very soluble in water. No other manganates seem to have been 
got in the pure state, but the pigment known as ‘Rosentiehrs Green’ is the 
impure barium salt. 

TETRAVALENT MANGANESE 

All the compounds of tetravalent manganese may be regarded as 
derived from the non-existent hydrate Mn(OH) 4 . The fall in valency 
necessarily weakens the acidic and strengthens the basic properties of 
the oxide, and while the oxides of hepta- and hexavalent manganese are 
acidic and not basic, the tetrahydroxide is both to a small extent, being 
amphoteric in behaviour; it also very readily forms an extremely insoluble 
dehydration product in manganese dioxide and its hydrate. As a base it 
reacts with acids to give salts MnX 4 , and as an acid it forms with alkalies 
the manganites, derived from a weak acid HgMnOa and its condensed 
forms. Nearly aU these compounds are remarkably unstable, at any rate 
in solution. The salts formed with acids, of the type MnX 4 , scarcely exist 
at all, owing to the ease with which they undergo two reactions: (1) hydro¬ 
lysis with precipitation of the oxide MnOg, usually hydrated, but always 
extremely insoluble, and (2) the discharge of the tetravalent cation 
i.e. its reduction by the anion or by some other oxidizable sub¬ 
stance present. The salts formed with bases, the manganites, are also very 
unstable in water, for much the same reasons; the manganite ion MnOJ 
is readily reduced, and the weakness of manganous acid as an acid, com¬ 
bined with the great insolubility of the hydrolytic product MnOg, causes 
the hydrolysis to go very far. 

The general outcome is that the tetravalent manganese compounds are 
nearly all insoluble substances, almost the only exceptions being the salts 
of the complex ions such as K 2 [MnCl 4 j], which show an unexpected 
stability. 

Manganese Dioxide^ MnOg 

This is the commonest manganese mineral, and is known as pyrolusite, 
braunstein, psilomelane, etc. 

The anhydrous compound is best made^®®^ by decomposing manganous 
nitrate Mn(N 03)2 by heating it for some hours at 250°, and then at 500° 
to remove the last traces of oxides of nitrogen. The product is an extremely 
hard black mass, which is a fairly good conductor of electricity and is used 
to make ‘unattackable anodes’ for certain large-scale electrolyses. 

Manganese dioxide is a grey-black solid, practicaUy insoluble in water. 
Like lead dioxide it has a rutile lattice. Its specific conductivity is 
0-16 ohm”"^ at 0°. 

Its stability to heat depends greatly on its method of preparation. The 
J. Meyer and R. Kanters, Z, arwrg, Chem, 1929, 185, 177. 
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anhydrous oxide made from the nitrate, which is the purest form of 
MnOg, does not begin to lose oxygen below about Other forms do 

so at 300°^®^* or even at 200 °.^®®'^ 

Although anhydrous manganese dioxide is very difficult to hydrate (no 
doubt on account of its insolubility), the form which is precipitated from 
an aqueous solution, as when a permanganate is reduced with SOg, is 
always hydrated, and it is impossible to remove the last traces of water 
without some loss of oxygen. The water content varies with the method 
of preparation. It never seems to reach the composition Mn(OH) 4 , but a 
monohydrate MnOgjHgO or HgMnOg appears to be fairly stable, and is got 
by dehydrating the washed precipitate at 100 °. This compound may be 
called manganous acid, and it behaves like a weak acid; it reddens blue 
litmus, and dissolves in alkalies to give definite salts, the manganites (see 
next section). 

Manganese dioxide, in spite of its insolubility, is readily attacked by 
reducing agents; it oxidizes hydrogen chloride to chlorine : 

MnOa + 4 HCl = Mna^ + Clj + 2 HgO 
and sulphur dioxide to manganous dithionate: 

MnOa + 2 H2SO3 = MnS^Oe + 2 HgO 

the manganese being always reduced to the divalent state. The hydrated 
oxide behaves in the same way, and more readily. When the dioxide is 
‘fumed* with concentrated sulphuric acid, a violet colour appears, which 
is due^®®® to manganous ions formed by the reaction 

2Mn02 + 4H+ = 2Mn++ + 2 H 2 O + 

This formation of dithionate (by which Gay-Lussac discovered dithionic 
acid in 1819) is unusual; both barium dioxide and lead dioxide with SOg 
only give sulphates. Some manganous sulphate is certainly produced in 
the reaction,^®®® but the suggestion that this adds on SO 2 to form MnSgO® 
has been disproved experimentally.^®’® Probably there are two reactions; 
in the first there is direct combination of MnOg and SOg to form manganous 
sulphate, as wdth lead dioxide; in the second the MnOg is reduced by the 
SO 2 to the sesquioxide MhgOg, which then forms its sulphite MiigCSOgjg, 
a salt which has been shown to react (like ferric sulphite) to form man¬ 
ganous sulphite+dithionate: 

Mn 2 [S 03]3 = MnSOg + MnS^Oe- 

Putting all this together we should get this equation, which approximately 
represents the facts 

2 MnOg -f 3 SO 3 = MnSO* -f 

J. F. G. Hicks and E. Krockmalski, J,A,C.S. 1947, 69, 1970. 

J. Meyer and W. Schramm, Z, anorg, Chem. 1924, 132, 226. 

1 ®’® J. Meyer, Her. 1902, 35, 3429. 
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A similar process of alternate oxidation and reduction may explain the 
catalytic decomposition of hydrogen peroxide by manganese dioxide.^®’^ 

When manganese dioxide is heated it loses oxygen, as has already been 
said, and gives successively MugOg, Mn304, and MnO. 

Manganites 

These are the salts of manganous acid, of which MnOg is the anhydride. 
The acid, which in its simplest form is HgMnOg, is a very weak acid 
(owing to the low valency of the manganese), and so its salts are maiijy 
derived (as always happens with weak polybasic acids) from condensed 
forms, such as KgMugOs (= KgO, 2 Mn02). The number of these forms is 
very large; calcium, for example, gives compounds containing to 1 CaO, 

1, 2, 3, and 5 MnOg. 

The manganites can be made either by the action of aqueous alkali on 
MnOg, or by fusing the oxides together. The best defined salts are those 
which are got by the latter (dry) method, which are crystalline. Man¬ 
ganites made in the wet way are amorphous, are all insoluble in, and yet 
considerably hydrolysed by water, and are further liable to contain 
manganese in states of valency lower than 4, so that their identification is 
very uncertain. 


Tetravalent Manganese Salts of Acids 
The simple salts of tetravalent manganese as a base can rarely if ever be 
isolated, though some of them probably exist in solution. They tend to 
decompose, either by hydrolysis or by reduction. In the form of complex 
ions, however, they are far more stable. The simple Mn^^ ion is evidently 
less stable than the covalent form, and the complex salts, such as 
K2[MnCl3], will be less liable to reduction, since the higher valencies are 
always less easily reduced in the covalent state, and also they are less liable 
to hydrolysis when the manganese is contained in a negatively charged 
complex, as the attack is mainly by hydroxyl ions. 

Of the tetrahaUdes the fluoride MnF4 has never been isolated, though it 
occurs in complexes (see below, p. 1274). The tetrachloride MnCl4 must 
certainly be assumed to occur in solution, since the dark solution of 
manganese dioxide in hydrochloric acid does not evolve chlorine at first. 
The evidence (mainly magnetic) for supposing that in this solution the 
MnCl4 has gone over into MnClg+Clg, is not strong. The tetrachloride 
cannot be separated from its aqueous solution in the solid state, and the 
solutions very soon give oflF chlorine unless they contain a high concentra¬ 
tion of HCl, i.e. unless the manganese is present mainly in the complex 
anion. It is stated^®’^ that if dry hydrogen chloride is passed through a 
suspension of Mn02 in ether at —70°, a green solution of MnCl4 is obtained, 
from which a mixture of CCI4 and CHCI3 precipitates a black neutral 
substance which is probably MnCl4, but may contain MnClg as well. 

D. B. Broughton and R. L. Wentworth, J,A.C.S, 1947, 69, 741, 744. 

J. H. Krepelka and J. Kubis, Cott. Czech. Chem. Com. 1936, 7, 106. 
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Complex Salts of Tetravalent Manganese 

These include practically all the soluble compounds of tetravalent 
manganese that are known. Complex halides are formed with fluorine and 
with chlorine, and they are all of the 6-co-ordinated type M2[MnXe]. 
The hexafluorides, such as KgMnFg, can be made by treating either a 
manganate (with formation of permanganate) or a manganite (by direct 
replacement) with concentrated HF. 

KgMnFe forms small golden-yellow hexagonal crystals. It is hydrolysed 
slowly by cold and rapidly by hot water, with the precipitation of hydrated 
MnOg. The rubidium and probably the ammonium salts have been made, 
but not the sodium salt (presumably because it is too soluble: order of 
solubilities with strong acids). 

The complex chlorides M2[MnCle] are made by the action of concen¬ 
trated HCl on a permanganate, chlorine being evolved^®’®: 

2 KMn04 -f 16 HCl == K2MnCle + MnClg + 8 HjO + 4 
They are dark red in colour. 

The corresponding bromides and iodides seem to be unknown, pre¬ 
sumably because the halogen ion would be oxidized by the Mn*^. A series 
of complex iodates M2[Mn(I03)e], where this danger of reduction by the 
anion does not occur, has been prepared. 

By the action of KCN on KMn04 in saturated aqueous solution, red 
crystals are formed which are said^®^^ to have the composition K4[Mn(CN)g]; 
they are decomposed by water (giving HCN and Mn02), by acids, and by 
alcohols. If this is the composition, the salt is presumably a crystal 
aggregate of K2Mn(CN)g and 2 KCN, since the covalency of manganese is 
limited to 6. 

TRIVALENT MANGANESE 

In the trivalent state the acidic properties of the oxide have entirely 
disappeared, and the only form in which the atom can occur with this 
valency is as a trivalent cation, or as the central atom of an anionic com¬ 
plex. The stability of this state of manganese is in any form small, and (as 
with cobalt) it is much less stable in the cation than in the complexes. The 
trivalent Mn^^^ ion can scarcely exist in water; in presence of mineral 
acids it changes to a mixture of the dioxide and a manganous Mn" salt; in 
the absence of acids it is largely hydrolysed to the weak base Mn(0H)3, 
which is readily oxidized, even by air. 

This tendency of the trivalent manganese compounds to change into 
either Mn*^ or Mn^^ or a mixture of the two, is so strong that it has been 
suggested that they do not really contain trivalent manganese at all, but 
a mixture of tetravalent and divalent. This, however, has been disproved 
by the undoubted existence of trivalent manganic acetylacetonate 

R. F. Weinland and P. Dinkelacker, Z. anorg, Chem. 1908, 60, 173. 

10’* A. Yakimach, C.E. 1930, 190, 681. . 
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Mn{C5H702)3, whose molecular weight has been determined (below, p. 1278). 
Further, it has been shown^®®^ that the manganous hydroxide Mn(OH)2 
precipitated from a manganous solution by alkali takes up in 3 to 4 days 
enough oxygen from the air to convert it completely into MnOg; the 
trivalent Mn(OH)3, on the other hand, under the same conditions takes up 
none, and so cannot contain the monoxide. In the same way the trivalent 
manganese complexes behave very like the trivalent complexes of Cr, Fe, 
Co, etc., where there is no doubt about the true trivalency of the element. 

The trivalent manganese compounds can be made by the oxidation of 
manganous compounds or the reduction of those of higher valency, but 
the conditions must be carefully observed if the change is to be arrested at 
this stage. The preparation by the oxidation of manganous salts is easiest 
when the products are but slightly soluble, as are the oxide and the 
phosphate; the oxidation must be carried out in strongly acid solution so 
as to protect the Mn'" by conversion into the complex state. When they 
are made by the reduction of more highly oxidized compounds, such as 
Mn02 or KMn04, the best yields are obtained by working in concentrated 
H2SO4, which stabilizes the trivalent manganese in the form of a (probably 
complex) sulphate; otherwise the reduction goes straight through to the 
manganous salt. 

In solution these compounds are brown or red, according as the com¬ 
plexity varies. Their chemical behaviour is somewhat variable for the 
same reason. 

Manganese Sesquioxide^ MngOs 

This occurs in the anhydrous form Mn203, and also as a hydrate MngOg, 
H2O or MnO OH. 

Mn203 can be made by igniting MnOo or manganous salts (i.e. from Mn*^ 
or Mn**), especially the halides, in air at 500-900®; it is best made from 
MnOg by 20 hours’ heating at 700®.^®^® 

The hydrated form Mn203,H20 or MnO OH occurs as the mineral 
manganite; there is no evidence that Mn(OH)3 can be isolated, any more 
than Mn(OH)4. MnO • OH is left when the moist precipitated sesquioxide 
is dried at 100®. It is precipitated in the aerial oxidation of manganous 
chloride solutions in presence of excess of NH4CI; the NH4CI must be care¬ 
fully washed out.^®’® 

The hydrated oxide is the more active chemically. Its colour varies 
from grey to brown or black according to the method of preparation. It 
is used as a brown dye, the manganese being adsorbed by the fibre from a 
manganous chloride solution, and then oxidized in situ by the air. 

R. J. Meyer and K. Rotgers, Z. anorg, Chem. 1908, 57, 104. 

j. Meyer and R. Nerlich, ib. 1921, 116, 117. 

H. Moissan, G.R. 1900, 130, 622; H. Moissan and Venturi, ib. 1158. 

A. Chretien and G. Varga, BuU, Soc. 1936, [v] 3, 2385. 

L. Domange, BulL Soc, Ghim, 1939, [v] 6, 1452. 

E. Spath, Mon, 1911, 120, 1117. 

J. Meyer, Z, anorg, Chem, 1913, 81, 385. 
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If the sesquioxide is heated in hydrogen above 230°, or in air above 940°, 
it is reduced to Mn304. 

MngOg reacts with SOg to give manganous sulphate and dithionate^®®^; 
the first reaction is 

Mn 2 [S 03]3 -= MnSOg + MnSgOe 

and the MnS03 so formed is then obviously oxidized by Mn'" to the 
sulphate. 

The constitution of MugOg is considered later with that of Mn304. 

Mangano-manganic Oxide^ Mn 304 

This is also knoAvn as trimanganese tetroxide and as ‘red manganese 
oxide’. It is the most stable oxide of manganese when heated in air; all 
the others, the metal itself, and all those salts which contain volatile 
anions, leave this oxide when heated in air above 940°. The oxide occurs 
in nature as the mineral hausmannite; it is most conveniently made^®®’ by 
heating one of the higher oxides to 1,000° for 6-8 hours. If alkali is added 
to a solution containing manganous and manganic salts, or if a manganous 
salt in solution is oxidized with the right amount of KMn04, a hydrated 
form of Mn304 can be got, but there is no evidence that a definite hydrate 
exists. 

The suggestion that the two oxides MngOg and Mn304 contain no Mn**^ 
but only Mn^^+Mn** is examined and rejected by J. Meyer^®®^'^®^® in 
favour of the more obvious formulae MngOg and Mn203,Mn0; the two 
oxides both dissolve in cold concentrated sulphuric, hydrofluoric, or 
especially phosphoric acid solutions to give reddish-violet solutions, 
obviously containing trivalent manganese. 

True salts of trivalent manganese are very few, but are rather more 
numerous than those of the tetravalent element. 

Trivalent Manganese Halides 

Manganic Fluoride, MnFg. This is made by the action of fluorine gas 
on manganous iodide.^®’^ It is a red crystalline substance, which breaks 
up on heating into manganous fluoride MnFg and elementary fluorine. 
With a small quantity of water it forms a red-brown solution which easily 
becomes supersaturated. On dilution it is decomposed by hydrolysis. It 
can also be got in solution by dissolving MngOg, or a suitable mixture of a 
manganous salt and a permanganate, in HF. It separates from solution in 
ruby-red crystals of the hydrate MnFg, 2 HgO. 

Complex fluorides are known (see below). 

Manganic Chloride, MnClg. The simple chloride is much less stable than 
the fluoride, and was not isolated until quite recently. It may be con¬ 
tained in the dark coloured solution of MnOg in HCl. The solid MnClg is 
g3^idi072 present in the black unstable solid got by saturating a 

j, Meyer and R. Nerlich, Z, anorg. Chem. 1921, 116, 117. 

^0®® J. Meyer and W. Schramm, ib. 1922, 123, 66. 

Id., ib. 1924, 132, 226. 
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suspension of MnOg in ether with gaseous HCl at — 70 *^ and precipitating 
with CCI4 and ligroin. Chretien and Varga^®^® claim to have made it by 
treating the acetate Mn (0 • CO • CH3)3 with HCl at —100°; it forms a brown 
crystalline mass, giving green solutions in ethyl alcohol, acetyl chloride, 
and other organic solvents. Cryoscopic measurements in liquid HCl gave 
the molecular weight corresponding to MnClg (we should rather have 
expected MugCle, like RegCl^). It decomposes irreversibly at any tempera¬ 
ture above — 40 ° into MnCl2 and chlorine. 

Manganic Bromide, MnBr3 and Iodide, Mnlg are unknown. 

There is a normal sulphate Mn2(S04)3 stable up to 300 °^®“^® and an acid 
sulphate (see p. 1278 ). 

The best known of the simple derivatives is the acetate Mn (0 • CO • CH3)3, 
which is often used as the source of other trivalent manganese compounds. 
This can be made by the oxidation of manganous acetate Mn (0 • CO • CH3)2. 
with chlorine or potassium permanganate, or by the action of acetic 
anhydride on manganous nitrate Mn(N03)2,^®®® the manganese in the 
latter reaction being oxidized by the liberated nitric acid. It forms 
cinnamon-brown crystals with two molecules of water of crystallization ; 
it is hydrolysed by water, but it can be recrystallized from acetic acid, 
alcohol, or pyridine, and is even somewhat soluble in chloroform. 

Complex Manganic Componnds^^^^'^ 

Trivalent manganese, owing partly to its weakness as a base, has a 
strong tendency to form complexes, and in these complexes the trivalent 
state of the element is much stabilized. They are of various kinds, largely 
chelate, and especially of the ‘ato’ type. 

Complex Mn^^^ Cyanides. Though the simple compound Mn(CN)3 is 
unknown, many of these have been prepared, all of the 6-covalent type 
M3[Mn(CN)6], a type that is very characteristic of the di- and trivalent 
states of the transitional elements; the most familiar are the ferro- and 
ferricyanides. The method of formation of the manganicyanides^^^*^^ shows 
their great stability. If manganous carbonate MnCOg is dissolved in 
potassium cyanide solution, a yellow liquid is formed from which the blue 
complex cyanide of divalent manganese K4[Mn(CN)s] crystallizes out. If a 
current of air is blown through the mixture of solid and mother liquor it 
slowly turns red, and then orange-red, especially if warmed, forming the 
manganicyanide K3[Mn(CN)6], which goes into solution, and crystallizes 
out on the addition of alcohol. It can also be made directly by the action 
of KCN on manganic acetate Mn(0-Ac)3. 

Potassium manganicyanide K3Mn(CN)8 forms dark red crystals, isomor- 
phous with the ferricyanide; the Na, Li, and NH4 salts are known. They 
can be recrystallized from KCN solution, but water gradually hydrolyses 
them with separation of hydrated Mn203. The dilute solution in KCN 
solution is yellow, but the concentrated, like the solid salt, is red; the 

J. Meyer and J. Marek, ib. 133, 326. 

J. Meyer and W. Schramm, ib. 1926, 157, 190, 
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formation of a yellow solution in water at great dilutions is common 
among these Mn'" complexes; it may possibly be due in some cases to the 
formation of colloidal manganic hydroxide. 

Nitrogen Complexes. Unlike trivalent chromium and cobalt, trivalent 
manganese has no tendency to co-ordinate with nitrogen to form ammines, 
nitro-complexes, or in other ways. 

Oxygen Complexes. These appear to be all ring-compounds, either 
chelate, or ato-compounds. 

The acetylacetonate Mn(C5H702)3^®®’"® is made by the action of acetyl- 
acetone on manganic acetate, or on an aqueous suspension of MngOg. It 
forms brilliant black crystals which are greenish when powdered; it melts 
at 172 ° and is readily soluble in benzene, chloroform, ethyl acetate, etc. 
Its molecular weight is simple, as determined cryoscopically, and also in 
the vapour.^®®® This compound gives the most indisputable evidence of 
the existence of real trivalent manganese. 

The ato complexes formed by Mn'" are numerous, especially with sul¬ 
phuric, phosphoric, oxalic, and malonic acids. 


Complex Sulphates 

Among these compounds the alums may be mentioned, although we 
know now that they are not true complexes. Caesium manganese alum 
CsMn(S04)2,12H20 forms coral-red crystals, and is decomposed by water 
with the precipitation of MngOg. The Rb, K, and Na salts have been 
made, but they become increasingly unstable, and can only be prepared 
at very low temperatures. 

These alums, especially the Rb and NH4 salts, lose water very easily to 
give the anhydrous double salts MMn(S04)2, which may possibly be com¬ 
plex. It is more probable that we have true complexes in the acid 
H[Mn(S04)2], 2 H20^°®® and its salts. These complexes are presumably 
present in the violet solution of the alums in concentrated H2SO4, which 
on dilution first turns red and then brown, and finally precipitates hydrated 
Mn203.io®® 

Complex Phosphates 

Manganic acetate Mn(OAc)3 dissolves in very concentrated (92 per cent.) 
H3PO4 to give a violet complex acid, which can be shown by transport 
experiments to have all the manganese in the anion; it is assumed, from 
the composition of its salts, to be H3[Mn(P04)2] It has, however, 

only one hydrogen replaceable by metals, and probably should be written 
H[Mn(P04H)2(0H2)2] H2O, with 2 chelate groups 
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1087 Q. xjrbain and A. Debieme, C.R. 1899, 129, 302. 

F. Gach, MofuUah. 1900, 21, 109. 

See, however, H. G. Houlton and H. V. Tartar, J.A.C.S. 1938, 60, 649. 
io»o Gorbatschev and E. E. Schpitalski, J. Oen. Chem, Russ. 1940, 10, 1961. 
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On dilution the complex breaks down, with the production of the rather 
insoluble grey-green simple phosphate MnP04, HgO. The structure 
M[Mn(P04H)2(0H2)2] H2O is exactly like those of the diaquomalonato and 
diaquo-oxalato salts described below. 

Oxalato- and Malonato-complexes 

These are in both cases of two types, M3[MnA3] and M[MnA2(OH2)2], 
where A is the divalent anion of the dibasic acid. The oxalato-salts are 
much less easy to make than the malonato, because the trivalent man¬ 
ganese atom very readily (especially in the hght) oxidizes the oxalate ion 
to give divalent manganese and CO2. Otherwise the oxalato and malonato 
complexes are very similar. In the trivalent state many of the neighbour¬ 
ing transitional elements, such as Cr, Fe, Co, Rh, and Ir, behave in the 
same way. 

Oxalatosalts^^^^-^^ 

The trioxalato-salts, such as K3[Mn(C204)3],3 HgO, are made by reduc¬ 
ing KMn04 with oxahc acid to the manganous stage, and then oxidizing 
this to the manganic by the addition of more KMn04, together with 
enough K2CO3 to satisfy the equation 

5 H2C2O4 + KMn04 -f K2CO3 = K8[Mn(C204)3] + 5 H2O + 6 CO,. 

The salt can also be made^®*® by treating moist hydrated MnOg with 
potassium hydrogen oxalate at 0°, and precipitating (in red light) with 
alcohol. 

K3[MnOx3],3 HgO forms small deep red-violet crystals, stable in dif¬ 
fused daylight when dry. It is isomorphous with the iFerric compound, and 
forms mixed crystals with it.^®^^ It is very soluble in water; the milli- 
molar solution is yellow-brown, but as the concentration increases the 
colour changes to cherry-red and then to reddish-purple; the brown 
colour is evidently due to the replacement of oxalate groups in the complex 
by water, since the red colour is restored to the dilute solution by excess 
of potassium oxalate. 

Various other trioxalato-salts have been made, such as those of Na, 
NH4, Tl', and [Co(NH3)3]‘‘^^’^; they are mostly very soluble and difficult 
to purify. 

The second series of oxalato-compounds is that of the diaquo-dioxalato- 
salts M[MnOx2(OH2)2]- The trioxalato-manganic complex loses an oxalate 
radical much more easily than the chromic or cobaltic; silver nitrate or 
calcium chloride precipitates from the solution the simple silver or calcium 
oxalate, the complex breaking up. The diaquo-dioxalato-salts are much 
more soluble than the trioxalato-oompounds (with the malonic derivatives 
the solubilities are in the opposite order). The potassium dioxalato-salt 
can be made^®®® by treating the dry tetroxalate with Mn02 suspended in 
water, or by the action of oxalic acid on KMn04 in the right propor¬ 
tions^®®^; alcohol will then precipitate from the dark red solution pale 
lo*! G. H. Cartledge and W. P. Ericks. J.A.O.S, 1936. 58, 2061. 
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green crystals of the diaquo-dioxalato-salt. The salt occurs in two 
isomeric solid forms, one green and the other golden-yellow, which may be 
the cis and trans forms, but which both give the same yellow solution. 
The dilute aqueous solution is soon hydrolysed with separation of man¬ 
ganic hydroxide, but this may be prevented by the addition of centi- 
normal nitric acid. That these oxalato-compounds actually contain triva¬ 
lent manganese is shown by their giving a red solution in concentrated 
phosphoric acid. 

In a solution of one of these oxalato-salts there is an equilibrium between 
the two ions: 


[MnOxg] + 2 H2O = [MnOx^COH^lg]- -f [C2O4] ; 

this has been measured^®^^ by means of the colour, since the trioxalato- 
compound is red in solution and the dioxalato yellow, the absorption 
maxima being at 5,200 and 4,500 A.U. respectively. The equilibrium is 
attained practically at once, and equilibrium constant 


[MnOx2(OH2)2~]-[Ox-~] 

[MnOxr“] 


is 0 0038 at 0° C. 

For the mechanism of the oxidation of oxalate ion by trivalent manganese, 
and its relation to the formation of these oxalato-comjdexes, see Duke.^®®^ 


Malonato-complexes^^^^>^^^ 

These are of the same types as the oxalato-salts, but they are easier to 
prepare because the anion is not liable to be oxidized by the trivalent 
manganese. They are, however, much less stable than the oxalato-, or 
than the chromic and cobaltic malonato-compounds.^®®^ The yellow- 
brown hydrated Mn203 reacts with malonic acid to give the complex acid 
H(H20)[Mn(mal)2(0H2)2]- This is a dark green powder, fairly stable in air 
and light, but forming in water a yellow solution from which the acid 
cannot be recovered, and \i^hich soon precipitates manganic hydroxide. 
A solution of an alkaline malonate dissolves manganic hydroxide to give 
a ruby-red solution (which is the colour of the trimalonato-salt) from which 
the green complex salt M[Mn{mal)2(OH2)2] H2O separates out. These salts 
can also be made by reducing a permanganate in presence of a malonate; 
the first 2 H2O must be part of the anion, as they are present even when 
the salt is made in absolute methyl alcohol solution.^®®® The solubilities 
of the alkaline salts (which are all green) fall off rapidly from Li to Cs. 

Concentrated mineral acids, such as sulphuric or phosphoric, give their 
characteristically coloured manganic salts: they break up the complex but 
wbhe manganese remains trivalent; but dilute acids at once reduce this to 
the manganous state: the manganic ion being converted as it always is by 
1092 ip, Kehrmann, Ber, 1887, 20, 1595. 

G. H. Cartledge and W. P. Ericks, J.A.C.S. 1936, 58, 2065. 

F. R. Duke, ib. 1947, 69, 2885. 

G. H. Cartledge and P. M. Nichols, J^A.C.S, 1940, 62, 3057. 
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an acid into Mn" and MnOg, and the latter (which in acid solution is a 
stronger oxidizing agent than trivalent manganese) being reduced by the 
liberated malonic acid. 

When these green dimalonato-complexes are treated in solution with a 
further quantity of alkaline malonate the red solution mentioned above of 
the trimalonato-salt M3[Mn(mal)3] is formed. The equilibrium between the 
di- and trichelate ions in the solution can be measured by means of the 
colour, and it is found^®®^ that the constant 

__ [Dichelate ion] * [Malonate ion] 

[Trichelate ion] 

is 0-057 at 0° C. 

The salts of the di-'ato’ series all seem to be green: the manganic, the 
ferric malonato,^®®® and the iridium oxalato salts.^®®’ On the other hand, 
the colours in the trimalonato series are various: manganic red, ferric 
emerald-green, cobaltic dark green, chromic dichroic, but predominantly 
blue. (For a discussion of the colours of manganic compounds, see below.) 

A similar series of dichelate salicylic derivatives of trivalent manganese 
has been described.^®®® 

Colours of Trivalent Manganese Compounds 

These are various and peculiar; the facts have been collected by Meyer 
and Schramm.^®®® The solid salts are nearly all green or red, as are many 
of their solutions, but some of the solutions and a few of the solid salts are 
yellow-brown. The green salts include MnClg both solid and in hydrochloric 
acid solution (but not the complex chlorides M2[MnCl5]) ; the simple sul¬ 
phate, which no doubt is Mn^*[Mn'^‘(S04)3]; the solid phosphate MnP04 
(grey-green), and the diaquo-malonates and diaquo-oxalates in the solid 
state, though some have a second form which is yellow. 

The red or red-violet complexes include the hydrated fluoride and the 
complex fluorides, both solid and in solution: the complex chlorides, 
solid and in solution: the alums: the ‘acid sulphate’ (a sulphato-acid 
H[Mn(S04)2] H2O) and its salts; the mangani-cyanides M3[Mn(CN)6]. The 
solutions of trivalent manganese in concentrated phosphoric acid are deep 
red-violet, a sensitive test for manganese^®®^; the meta and pyrophosphates 
are said to be violet. Manganic acetylacetonate is dark red; so are the 
trioxalato and trimalonato-compounds both solid and in solution. 

Yellow or yellow-brown. These include only the second form of the 
diaquo-dioxalato-compound and the polynuclear (Mng and Mng) ace¬ 
tates,^®®® whose constitution is still very obscure. 

No general relations between colour and constitution have so far been 
suggested for these compounds. 

R. F. Weinland and F. W. Sierp, Z. anorg. Chem. 1921, 117, 59. 

Diifour, These, Paris 1912. 

G. A. Barbieri, Bcr. 1927, 60, 2421. 

1099 p,, Y. Weinland and G. Fischer, Z, anorg. Chem. 1921, 120, 161. 
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Complex Halides 

These are remarkable for being confined to the unusual type M2[MnX5], 
often with a molecule of water which presumably completes the co-ordina¬ 
tion group of 6; the usual type M3[MnXe] does not occur; it is curious 
that the corresponding rhenium halides are of yet another type M[ReX4]. 

The fluorides M2[MnF5] have been made with the alkalies: Na, 0; 
NH4, 0; K, HgO; all these are red or dark red crj’^stals; the silver salt 
Ag2[Mnr5],4 H2O is almost black (the distribution of water of crystalliza¬ 
tion among these salts is very odd). 

Complex Chlorides. Though manganic chloride MnClg can scarcely be 
isolated, the complex chlorides are readily prepared by adding alkaline 
chloride to a solution of MnaOg in HCl at 0 °. They can also be made^^®® 
by reducing permanganate with concentrated hydrochloric acid, and add¬ 
ing excess of alkaline chloride. They are all of the type M2[MnCl6]; the 
K, Rb, and Cs salts are anhydrous, while the NH4 salt has 1 H2O. They 
are hydrolysed by water. 

No complex bromides are known, though a solution of MnBrg can be got 
by dissolving manganic hydroxide in HBr. No complex iodides are known. 

DIVALENT MANGANESE COMPOUNDS 

This ion is peculiar in structure (2.8.13), having the d-levels of its third 
quantum group half filled; this seems to give it abnormal stability, as well 
as an unusual atomic volume.It is the only stable form of the simple 
monatomic manganese ion, and accordingly divalent (manganous) salts 
are always formed when any more highly oxidized compound of manganese 
is heated with concentrated acid. 

The salts are stable, but the covalent hydroxide Mn(OH)2 which is 
precipitated by alkalies rapidly darkens in air, owing to its oxidation to 
the trivalent state. This marked difference in stability, the ion being stable 
in the lower and the covalent compound in the higher valency, is commonly 
found among the transitional elements. 

Solutions of the manganous salts of strong acids do not redden litmus, 
showing that the hydrolysis is small (as might be expected with a divalent 
base), but it is sufficient to cause even neutral solutions to precipitate the 
hydroxide slowly, and the precipitate rapidly darkens owing to its oxida¬ 
tion by the air. 

The manganous ion (for its magnetic properties see references n®^®) has 

1100 p Weinland and P. Dinkelacker, Z. anorg. Chem. 1908, 60, 173. 

W. Klemm, Angew. Chem. 1937, 40, 524. 

1 J 02 \Y. Biltz, Eaumchemie d.festen Stoffe, Leipzig^ 1934, pp. 137 et sqq. 

]io8 Y, C. Tompkins, Trans. Far, Soc. 1942, 38, 131. 

S. S. Bhatnagar, B. Prakash, and J. C. Maheshwari, Proc. Ind. Acad. Sci. 
1939, 10, A. 160. 

U 06 p Squire, Phys. Rev. 1939, ii. 56, 922. 

H. Bizette, C. F. Squire, and B, Tsai, C.R. 1938, 207, 449. 

1107 Bizette and B. Tsai, ib. 209, 206. 

N, Goldenberg, Tratis. Far. Soc. 1940, 36, 847. 
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a pink colour, which has been ascribed to the presence either of a higher 
oxidation product of manganese, or of a trace of cobalt compound; but 
both of these views have been disproved, and there is no doubt that the 
colour is that of the manganous ion itself. 

Sufficiently strong oxidizing agents will oxidize divalent manganese even 
in acid solution; thus most compounds with the peroxide link, such as 
the persulphates, precipitate the manganese quantitatively as the hydrated 
dioxide ; ozone will even convert it into KMn04. If reacts with per¬ 
manganates to give MnOg and hydrogen ion: 

3 + 2 MnO^ + 2 HaO = 5 MnOg + 4 H+. 

For the kinetics of this reaction see Tompkins.^^®^ 

Manganous salts will catalyse a variety of oxidations, such as those of 
sulphur dioxide, stannous chloride, tartaric and oxalic acids. They also 
hasten the oxidation of linseed oil, and so are known as ‘siccatives’; lead 
salts have the same effect, but are less active; the most effective agent is 
a mixture of manganous and plumbous salts. 

Manganous salts are usually soluble in water, especially the chloride, 
nitrate, sulphate, acetate, and thiocyanate; the sulphide, phosphate, and 
carbonate are insoluble. 

As might be expected from its greater basicity, the manganous ion has 
only a weak tendency to form complexes, but a certain number of them 
are known, of which the cyanides, especially those of the type M4[Mn{CN)e], 
are the best marked. 

Manganous Cyanide^ Mn(CN)2, can be precipitated from a manganous 
solution with potassium cyanide, but it is rapidly oxidized by the air and 
has never been got in the pure state; the complex cyanides (see below) 
are much more stable. 

Manganous Oxide and Hydroxide 

Manganous Oxide, MnO,^^®® occurs in nature as manganosite. It can be 
made by reducing the higher oxides with hydrogen or carbon monoxide, 
or by the ignition of manganous carbonate. It is a powder whose colour 
varies from grass-green to grey, according to the method of production. 
It has a sodium chloride lattice, with an Mn- O distance of 2*21 A.U. It 
is practically insoluble in water. It is readily oxidized, especially when it 
is finely divided, being converted by air, even in the cold, into Mn304 and 
Mn203, but it is not reduced by hydrogen at temperatures below 1,200°. 

Manganous Hydroxide, Mn(OH)2, is the mineral pyrochroite. It is preci¬ 
pitated by alkalies (but not by ammonia in presence of NH4CI) from a 
manganous salt solution as a white powder which darkens in air. It has the 
same crystal structure as Mg(OH)2, the Mn—0 distance being 2-30 A. Its 
solubihty product^^^" is 2-2 x 10“^^ at 25°, giving a solubility of 6x 10“® 

no® For the heats of formation of the (solid) oxides of manganese see H. Siemonsen, 
Z, Elektrochem, 1939, 45, 637. 

R. Nasanen, Z. phyaikaL Cfiem. 1942, 191, 64. 
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moles per litre. In acid solution it is a strong base, while in alkaline it 
behaves as an acid, giving [MnO OH]~ ions.^^^^ It is readily oxidized, 
being converted by air into MngOg or MnOg (for the kinetics see ref. ; 
the product formed depends on the state of the oxide as well as the oxidiz- 
ing agent: thus the colloidal hydroxide, precipitated by alkah from a 
manganous solution containing gelatine, is oxidized by air up to MugOg, 
but by hydrogen peroxide only 80 per cent, as far^^^^; for the reason see 
reference 

Manganous alkyloxides or alkylates have been prepared^^^^"^^ by the 
action of sodium alkylate on manganous chloride in alcohol; they form 
violet crystals, which are at once hydrolysed by water. 

Manganous Sulphide, Manganous salts when treated in solu¬ 

tion with ammonium sulphide give a flesh-coloured precipitate of the sul¬ 
phide, which has an Mn: S ratio between those of MnS and Mn(SH)2, 
contains up to 50 per cent, of water. On standing, this changes into 
greenish-black crystals of the sulphide MnS; the change begins at isolated 
spots fairly soon, but may take up to 6 years in the cold to complete itself. 

Mangajious Selenide, MnSe.^^^® This is trimorphic; the a-form has a 
cubic NaCl structure, is metastable, and goes to the j6- (Zn blende type); 
the Y is hexagonal and has a wurtzite structure. 

Salts of Oxy-acids 

Manganous Carbonate, MnCOg. This is the mineral manganspat, which 
is commercially important for making spiegeleisen. The salt can be 
obtained as a white precipitate by adding NaHCOg to a solution of a man¬ 
ganous salt; a normal carbonate such as NagCOg precipitates mainly a 
basic salt. 

The pure crystalline substance is pink. Its stability is largely due to its 
insolubihty; the solubility product [Mn] [C03] is 8*8 xlO""^^ at 25°, and 
so the saturated solution is only 9*4 x 10"® normal; hence the sohd is only 
shghtly hydrolysed, even on boiling, but it slowly darkens on long standing 
in air, through oxidation. It begins to evolve COg (leaving MnO) below 
100 °, and above 330° some of the COg is reduced by the MnO to CO. 

Of the organic salts the formate is a pink salt which crystalhzes with 
2 HgO; soF about 7/20°. 

The acetate Mn(0-CO*0113)2, 4H2O is a stable pink salt; soF about 
40/20°; the anhydrous salt can be made by heating manganous nitrate 
with acetic anhydride. 

11“ R. K. Fox, D. F. Swinehart, and A. B. Garrett, J.A.C.S. 1941, 63, 1779. 

“12 A. R. Nichols and J. H. Walton, ib. 1942, 64, 1866. 

““ J. Meyer and W. Gulbins, Z. anorg. Chem. 1926, 155, 66. 

““ B. Kandelaky, I. Setaschwili, and I. Tawberidze, Kolloid Z, 1935, 73, 47. 

““ J. G. F. Bruce, J.C.S. 1937, 1407. 

“1* A. Mickwitz and G. Landesen, Z. anorg. Chem. 1923, 131, 101. 

“1’ G. L. Landesen and M. Reistal, ib. 1930, 193, 277. 

“18 H. B. Weiser and W. O. Milligan. J. Phys. Chem. 1931, 35, 2330. 

“!• A. Baroni, Z. Krist. 1938, 99, 336. 
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Manganous Salts 

The oxalate Mn(C204) occurs with 3, 2, and 0 H^O. It is very sUghtly 
soluble in water (like all the really simple oxalates of divalent metals): 
soF 0*0312/25°. 

Manganous Nitrate, Mn(N03)2/^^*^^ forms hydrates with 6, 4, 2, and 
1 HgO; the first of these melts at -j-26*8°, and the last can be dehydrated 
by warming with nitrogen pentoxide. The salt is colourless and a saturated 
solution of the hexahydrate at 18° contains 134 g. Mn(N03)2 to 100 g. 
water. 

Manganous Sulphate, MnS04, is one of the most stable of manganous 
compounds, and is formed by heating almost any compound of manganese 
with H2SO4. It is made technicaUy from MnOg, either by heating it with 
concentrated H2SO4 (when oxygen is evolved) or by igniting it with 
anhydrous ferrous sulphate. It forms hydrates^^^^® with 7, 5, 4, 2, 1, 
and 0 H2O. The first of these can crystallize as a vitriol with ZnS04,7 HgO; 
the second is isoniorphous with CUSO4,5 HgO.* The solubility of the penta- 
hydrate at 25° is 68*4 g. to 100 g. water. 

The stability of the anhydrous salt to heat is very remarkable; at a red 
heat, which decomposes ferrous, cobaltous, and nickel sulphates, mangan¬ 
ous sulphate is not decomposed at all, and it can be purified from the other 
sulphates in this way. 

Manganous Perchlorate, Mn(C104)2 6 and 4 H2O, is very soluble in 
water, of which at the ordinary temperature 100 g. will dissolve 292 g. of 
the tetrahydrate (soF 136). It is an unstable substance, owing to the 
tendency of the anion to oxidize the cation; when heated it begins to 
separate manganese dioxide at 150°, and explodes at 195°. 

Manganous Halides 

Manganous Fluoride, MnFo, is made by the action of hydrogen fluoride 
on metallic manganese or on manganous oxide, or by the fusion of man¬ 
ganous chloride with NaF, or in other ways. It forms pink quadratic 
prisms, which are only slightly soluble in water (1*06 g. in 100 g. water at 
the ordinary temperature), and gives an unstable tetrahydrate. Fluorine 
converts it into MnFj. 

Manganous Chloride, MnCl2, can be got in the anhydrous state by the 
action of hydrochloric acid on heated manganese, or manganous oxide, or 
carbonate. It forms pink crystals, isomorphous with CaClg, melting at 
650°, and boiling at a red heat to give a vapour with a normal density. 
It is very soluble m water; it forms hydrates with 6, 4, and 2 HgO; 

* This would suggest that the 4 HgO molecules attached to the Mn are arranged 
in a plane. 

1120 w. Ewing and C. F. Glick, J,A,CS, 1940, 62, 2174. 

1121 ^ Ewing and H. E. Rasmussen, ib. 1942, 64, 1443. 

1122 Ewing, C. F. Glick, and H. E. Rasmussen, ib. 1445. 

J, H. Krapelka and B. Rejha, Coll. Czech. Chem. Comm. 1931, 3, 517. 

J. Perreu, C.R. 1939, 209, 167. ^^^6 ji,. 311. 

R. Rohmer, ib. 315. 
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soF 73-6/20°. The transition point between the tetrahydrate and the 
dihydrate in presence of the solution was determined by Richards as a 
fixed point in thermometry, and found to be^^^"^ 58-098±0-005°; this 
result has been confirmed.^^^® The chloride is also soluble in alcohols, 
with which it forms alcoholates MnCl2, 2 and 3 

The bromide is very similar; it forms the same series of hydrates; 
soF 144-5/18°. 

The iodide is also similar: it forms hydrates probably with 9, 6, 4, 2, 
and 1 HgO; it is very hygroscopic; the hydrates on warming to 80° begin 
to lose iodine, but they can be dehydrated in a vacuum in the cold. 

According to Wedekind the iodide is ferromagnetic. 

Complex Manganous Compounds 

With its smaller charge and stronger basicity divalent manganese has 
much less tendency to form complexes than trivalent. 

Among these the cyanides are fairly stable; they are probably all of 
the type M4[Mn(CN)6] (corresponding to the ferrocyanides): there is a 
series of a composition MMn(CN)3, but they should probably be written 
M2Mn''[Mn(CN)e]. The free acid H4[Mn(GN)e] (presumably with water of 
crystallization), got by treating the lead salt with H2SO4, forms colourless 
crystals, easily soluble in water, and quickly decomposed by it. Numerous 
salts (for example, a potassium salt with 3 IlgO) are known; they are fairly 
soon oxidized by the air (the manganese having lost the protection of its 
positive charge) to give the manganicyanide M3[Mn(CN)e] and MngOg. 
They are easily soluble in water and ai’e soon hydrolysed by it, but in a 
freshly made solution they will undergo double decomposition with other 
metals; thus they give violet precipitates with zinc or cadmium, and blue 
ones with aluminium; but these precipitated salts soon decompose. 

The complex thiocyanates are very similar. 

Ammines. The aflBuiity of Mn** for nitrogen is not so small as that of 
Mn*“. The manganous halides can take up as much as 6 NH3, though the 
structure of the products is uncertain. The pynridine compound MnCl2py2 
was found^^^® by X-ray methods to be a 4-covalent compound, with the 
four groups in a plane with the central atom, and at the corners of a square 
(as we should expect). It is isomorphous with the cobaltous compound. 

Oxygen Complexes 

These are nearly all chelate, including a series of derivatives of jS- 
diketones and similar substances, of the type MnAg. As we have seen,^®®® 
when manganous oxide or carbonate is treated with acetylacetone the 
derivative of trivalent manganese MnAg is produced, the manganese being 
obviously oxidized by the air. If the reaction is carried out in an atmo- 

1147 x. W. Richards and F. Wrede, Z, phyaikaL Chem, 1907, 61, 313. 

H. Benrath, Z. anorg. Chem. 1934, 220, 145. 

O. E. Zvjagintzev and A. Z. Tschchenkali, J. Qen, Chem. Buss. 1941, 11, 791, 

E. a. Cox, A. J. Shorter, W. Wardlaw, ahd W. J. R. Way, J.C.S. 1937, 1666. 
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sphere of nitrogen/^®^ manganous acetylacetonate Mn(C5H702)2 is formed. 
This is a yellow powder, giving a dihydrate and a diammine. Similar 
compounds were obtained fronl benzoylacetone, acetoacetic ester, ace- 
tone-dicarboxylic ester, and salicylaldehyde. They are all yellow or pale 
pink solids insoluble in water, soluble (even the hydrates) in organic 
solvents, including benzene; but their properties were not further examined. 

Complex oxalates seem to be formed, since the solubility of manganous 
oxalate (0*0022 of a mole at 25°) rises (to 0*0345 mole) if the solvent con¬ 
tains 0*281-normal ammonium oxalate. Various solid double oxalates are 
known, such as K2[MnOx2], 2H2O and (NH4)2[MnOx2], 2H2O. 

A series of double nitrates is known, though there is no evidence of 
their complexity. They are mainly of two types: 

1. MnJ[M^(N08)e]2, 24H2O: where can be Bi or various rare earth 
metals, and Mn"" can be replaced by Mg, Zn, Co", or Ni; these salts 
crystallize well, and are of great use in separating the rare earths. 

2. Mn"[M*'^(N03)5], SHgO. Here can be either quadrivalent cerium 
or thorium. 

A series of double sulphates is known, especially with the alkahes. They 
are all of the type M2[Mn(S04)2], icHjO, where x has the following values: 
0: Na, K, Rb, Tl'; 2: Na, K, Rb; 4: Na, K; 6: NH4, Rb, Cs. The distribu¬ 
tion of the water of crystallization is curious. 

There is no sign that these are true complexes, and the Raman spectrum 
of a mixed solution of ammonium and manganous sulphates has no lines 
that are not in the separate solutions, so that no complex appears to be 


complex Bolide 

These are of three types, M[MnX3], M2[MnX4], and M4[MnX8]; the 
5-covalent type which is the only one among the complex halides of 
trivalent manganese does not occur with the divalent compounds at all. 

The fluorides seem to be less readily formed than is usual: the only 
known fluorides belong to the type M[MnF3]. 

Chlorides are known of all three types^^®®"^; they are, however, not very 
stable, and are broken up by water. 

The bromide complexes are much less stable, as they are with divalent 
cobalt; Ephraim could not isolate any alkaline salts, and only one other, 
a calcium salt Ca[MnBr4]2, 4 H2O. 

The iodides form no complexes at all 


Univalent Manganese 

The oxide Mn20 probably does not exist,^^®® but the behaviour of the 
metaB^®® on electrolysis and especially that of manganous solutions on 

B. Emmert, H. Gsottschneider, and H. Stanger, Ber. 1936, 69, 1319. 

^^32 H. G. Houlton and H. V. Tartar, J,A,C,S, 1938, 60, 549. 

H. Benrath, Z. anorg. Ghem, 1934, 220, 145. 

F. S. Taylor, J,C.8, 1934, 699. 

1186 p Glaser, Z, anorg, Chem. 1903, 36, 1. 

H. Kuessner, Z, Ehktrochem, 1910, 16, 758. 

U14.2 ^ f 
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reduction give clear evidence that a univalent manganese exists, though 
the only compound so far isolated is a complex cyanide. Manchot and 
Gall^^*’ showed that a solution of the manganocyanide Na 4 or K 4 [Mn(CN)e] 
can be reduced in alkaline solution in an atmosphere of hydrogen by 
aluminium powder. The two salts Na 5 [Mn(CN)e] (very soluble) and 
K6[Mn(CN)j] (less soluble) are both colourless; their solutions reduce lead 
and cadmium salts to the metal, and on boiling evolve hydrogen, being 
reconverted to the manganous state. Electrolytic reduction of mangano- 
cyanides seems to produce the same result, although the salt K 2 [Mn(CN) 3 ] 
which was said^^*® to be formed does not seem to exist.^^®’’^^®* 

Nitrosyl Cmnplex of Manganese 

If manganous acetate solution is treated with potassium cyanide in 
an atmosphere of nitric oxide^^^®'^ the salt K 3 [Mn(CN) 6 N 0 ] separates in 
blue-violet crystals giving a permanganate-coloured solution which soon 
decomposes, especially in presence of acid or alkali. 

In this anion as also in that of M6[Mn(CN)e], the E.A.N. of the man¬ 
ganese is 25-f3-f 5-f3 = 36 (as we should expect), and having 24 unshared 
electrons it must be called univalent. 

”” W. Manchot and H. Gall, Ber. 1928, 61, 1135. 

G. Grube and W. Brause, ib. 1927, 60, 2273. 

W. D. Treadwell, 0. Gubeli, and D. Huber, Helv. Chim. Acta, 1941, 24, 162. 

W. Manchot and H. Schmid, Ber. 1926, 59, 2360. 

A. A. Blanchard and F. F. Magnusson, J.A.C.S. 1941, 63, 2236. 



NO. 43. TECHNETIUM 

The claim of the Noddacks^^^^"^ to have found this element, which they 
called masurium, in 1925, in a mineral (niobite) must be given up, as 
nothing has been heard of it since, and with it the name masurium. No. 43 
was the first otherwise unknown element to be produced artificially, and 
hence it has been given the name technetium (the artificial one). This was 
achieved by Segr6 et al. in 1937^^^^“®; they separated it from a molybdenum 
plate that had been bombarded for some months with a strong beam of 
deuterons in the Berkeley cyclotron.* It was shown that the long-period 
activity which this contained was not due to Mo 42, Zr 40, Nb 41, or Ru 44, 
and so must be due to No. 43. Further work^^^®~^^ has shown (see especially 
Segre^^^^) that among products of the bombardment of molybdenum are at 
least 5 (possibly 6 active isotopes of 43. The total quantities obtained 
are of the order of 10”^® g., but we can identify the product through the 
lucky chance (rare elsewhere) that one isotope goes over to another 
with the emission of a y-ray which expels one of the K electrons, whose 
return to its place gives the line of 43. For its electrolytic deposition 
and discharge potentials see Flagg and Bleidner.’^^® 

The solid metal has a close-packed hexagonal structure, and is isomor- 
phous with rhodium ruthenium and osmium. Each atom has 6 neighbours 
at 2*735 A and 6 at 2*704 (average 2*72).^^^® Its chemical properties were 
examined^^®^’^^®'^ by adding manganese and rhenium to the active material, 
and determining how far the activity remained with one or other of these 
when they were separated. The general conclusion is that technetium 
resembles rhenium far more closely than it does manganese, which is what 
would have been expected on the analogy of the earlier groups. Thus if a 
little manganese and rhenium salts are added to the active solution, and 
then hydrogen sulphide is passed through, the activity is precipitated 

♦ This isotope can also be made by bombarding ®®Mo with neutroiLs; its rnas.s 
number is 99, and its half-life 9*4 X 10® yeare.^^*’ Its mass is 98*913.^^*® 

1142 Noddack, I. Tacke, and O. Berg, Sitzber. Preuss. Akad, 1925, 400. 

1143 j Tacke, Z, angew. Chem, 1925, 38, 1157. 

1144 Perrier and E. Segre, Nature^ 1937, 140, 193. 

Id., t/. Chem. Phys. 1937, 5, 712. 

B. N. Cacciapuoti and E. Segre, Phys. Rev. 1937, ii. 52, 1252. 

E. E. Motta, G. E. Boyd, and Q. V. Larson, ib. 1947, ii. 72, 1270. 

M. G. Inghram, D. C. Hess, and R. J. Hayden, ib. 1269. 

1149 YV. Maurer and W. Ramm, Z. Phys. 1942, 119, 334. 

1160 F Flagg and W. E. Bleidner, J. Chem. Phya. 1945, 13, 269. 

C. Perrier and E. Segre, Atti R. 1938, [vi] 27, 579. 

E. Segre and G. T. Seaborg, Phya. Rev. 1938, ii. 54, 772. 

1168 2 ^ Cacciapuoti, ib. 1939, ii. 55, 110. 

1154 Perrier and E. Segre, J. Chem. Phya. 1939, 7, 155. 

1155 Q T. Seaborg and E. Segre, Phya. Rev. 1939, ii. 55, 808. 

1156 Gentner and E. Segre, ib. 814. 

E. Segre, Nature, 1939, 143, 460. 

R. Sagane, S. Kojima, G. Myiamoto, and M. Ikawa, Phya. Rev. 1940, ii. 57, 

750. 

R. C. L. Mooney, ib. 1947, 72, 1269. 
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with the sulphides of manganese and rhenium. From the precipitate dilute 
hydrochloric acid removes the manganese and leaves the rhenium, which 
is found to have all the activity. Again, when the molybdenum was con¬ 
verted into the pentoxide, and the whole heated in oxygen, it was found 
that at 400-500"^ the rhenium distilled off as the heptoxide (the man¬ 
ganese of course remaining behind) and the activity came off and was 
condensed with it. 

Only one method for separating the active material from rhenium was 
discovered. If molybdenum pentoxide containing rhenium is dissolved in 
80 per cent, sulphuric acid, and moist hydrogen chloride gas is passed 
through the solution at 200'', the rhenium distils over as a volatile chloride. 
With active molybdenum the distillate had only a trace of the activity, 
nearly all of which remained with the manganese in the non-volatile 
residue. This reaction should make it possible to concentrate natural 
inactive technetium, if it really occurs in minerals. 



75. RHENIUM* 

Aftbb Hevesy and Coster in 1922 had discovered hafnium, and had shown 
that its X-ray lines can be detected in almost every zirconium mineral, 
a search was made by means of the X-ray spectra for the missing elements 
43 and 75 in a variety of manganese ores,^^®®"^ but in vain. Then W. Nod- 
dack and I. Tacke (Frau Noddack) examined a series of minerals of the 
neighbouring elements such as niobium, molybdenum, tantalum, and the 
platinum metals. Finally, in 1925^^^^'^ they obtained from gadolinite, 
mainly a basic silicate of beryUium, iron, and the rare earth metals, a 
fraction in which the element was enriched 100,000 times, which gave five 
of the X-ray lines of No. 75, to which they gave the name of rhenium. 

The properties of the new element 75 make it likely to occur in sulphide 
ores, and in fact such sulphides as molybdenite (MoSg) may contain as 
much as 1, and in two cases as much as 10 and 21 parts of rhenium per 
million. 

Rhenium has never been found in a higher concentration than 50 parts 
per million; its average concentration in the earth’s crust is given by the 
Noddacks^^®® as lxl0~® (1 mg./ton), with which GoldschmidU^®^ closely 
agrees. The only practical sources are a few minerals containing from 
10”® to 10“(10 to 0*1 parts per million) of the element, especially certain 
gadolinites and alvites (ca. 10“®), some iron and copper ores (10"^), and 
some molybdenites (ca. 4x10“®). The processes of separation are very 
tedious, and are usually completed by subliming oflF the rhenium as 
Re207 in a stream of oxygen. 

Rhenium is made (or was in 1933)^^®® only by one chemical firm at 
Leopoldshall, in Saxony, from a kupferschiefer containing from 0-1 to 
0 01 per cent, of molybdenum, and about a thousandth as much rhenium. 
In the metallurgy of this mineral for copper, by-products are obtained 
which are worked up for cobalt, nickel, and molybdenum. These contain 
on the average 5 x 10"® (one part in 20,000) of rhenium. This is still further 
concentrated and then slowly oxidized, whereby the rhenium is con¬ 
verted into perrhenate. In 1933 some 120 kg. of potassium perrhenate 
were produced. 

* The work which has been done on the element and its compounds from its dis¬ 
covery in 1925 up to 1933 has been summarized and discussed by the discoverers 
I. and W. Noddack in Das Rhenium y Voss, Leipzig, 1933; this book is largely quoted 
below as NN. 

C. H. Bosanquet and T. C. Keeley, PhU, Mag. 1924, 48, 145. 

V. M. Goldschmidt, Vid, Skrifter /, 1924, Heft 4, p. 21. 

§00 hN., p. 10 , where the rhenium content of a series of minerals is given. 

NN., p. 20. 

V, M. Goldschmidt, Geochem. VerL-gea, ix (Oslo, 1938), p. 64. 

NN., p. 24. 

ii«e YoT the magnetic properties of rhenium compounds see W. Schiith and W. 
Klemm, Z. anorg. Chem, 1934, 220, 193. The results are very complicated, and 
difficult to explain even qualitatively. 

For the parachor of rhenium in its compounds see H. V. A. Briscoe, P. L. 
Robinson, and A. J. Rudge, J.C7.5. 1932, 2673. 
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Group VII A, Rhenium 


General Properties of RheniumP^^~’^ 

The general properties of rhenium resemble those of manganese in many 
ways, but all show very significant differences from them. The known 
valencies are 1, 2, 3, 4, 5, 6, and 7 (the valency of 5 is unknown with 
manganese). As is usual in passing from a lighter to a heavier element in 
the same transitional subgroup, the most characteristic differences are 
(1) that the higher valencies are more stable as compared with the lower, 
and (2) that the tendency to ionization in the lower valencies is much 
smaller. 

Thus it is found that the highest state of oxidation, the heptavalent, is 
the most stable that the element can assume. While Mn207 begins to lose 
oxygen at 0°, and KMn04 at 200°, Re207 can be distilled unchanged at 
350°, and KRe04 at 1,370°. In this valency also rhenium, unlike man¬ 
ganese, is colourless or practically so. A further difference is that in 
presence of excess of alkali, rhenium forms ‘meso-perrhenates’ of the type 
of MgReOs, to which manganese has no analogues; the same difference is 
shown by telluric and periodic as compared with selenic (or sulphuric) and 
perchloric acids. 

Hexaralent rhenium is practically confined, apart from an oxide ReOg 
and a volatile ReFg (there is no MnOg or MnFg), to the rhenates M2Re04. 
These are similar to the manganates in behaviour, and even in their green 
colour, but are less stable; they cannot be made from the perrhenates as 
the manganates can from the permanganates by fusion with excess of 
alkali. 

Pentavalcnt Rhenium, There is no pentavalent manganese. Even with 
rhenium this state of valency is unstable, being confined to the penta- 
chloride (there is no peutafluoride) and the hyporhenates, the salts of the 
weak acid HReOg. The instability of pentavalent rhenium is mainly due 
to its strong tendency to disproportionate to Re*''+Re’^^. 

Tetravalent Rhenium. As with manganese this is a very stable state, 
more stable indeed than Mn‘'' because of the smaller stability of the still 
lower valencies of rhenium, which makes disproportionation less easy for 
Re^'^ than for Mn^'". On the other hand, Re^^ is very easily oxidized. The 
behaviour of ReOg on heating shows forcibly the smaller stability of the 
lower valencies of rhenium as compared with manganese. If manganese 
dioxide is heated it loses oxygen continuously until it is converted finally 
into MnO; rhenium dioxide, on the other hand, is oxidized by air (which 
MnOg is not) forming Re207, and if it is heated in a vacuum to a high 
temperature it is converted into a mixture of the heptoxide and metallic 
rhenium. The corresponding tetravalent rhenous acid HgReOg like man¬ 
ganous acid H2Mn03 is a weak acid, and its salts are very readily hydro¬ 
lysed, and also readily oxidized. The complex halides of Re*^, of the type 
MgReX^, are unexpectedly stable; the corresponding Mn^’^ complexes can 
be made, but they are relatively unstable. . 

Trivalent Rhenium, These compounds are in some ways more stable 
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than the trivalent manganese compounds, probably for two reasons: 
(1) because they do not form the unstable simple cation so readily as the 
Mn*^ compounds do, and (2) because the alternative divalent state is much 
less stable than with manganese, so that the Re*^ compounds have less 
tendency to disproportionate. The trivalent rhenium compounds include 
the trichloride, which is covalent and polymerized to RegCle, like AlgCle, 
and FegCle, while MnClg is presumably a salt and, probably for that reason, 
is much less stable. The complex Re*** chlorides are remarkable for being 
all of the type MReCl4, while the complex halides of Mn*** are all of the 
unusual 5-covalent type MgMnCls. 

Divalent rhenium certainly occurs in solution, but it is very unstable, 
being oxidized even by water, and no compounds have yet been isolated, 
whereas divalent manganese gives rise to a whole series of reasonably 
stable derivatives. 

Metallic Rhenium 

Rhenium compounds are easily reduced to the metal,which can be 
obtained by the ignition of any of them in hydrogen. The metal is usually 
made either from the perrhenate KRe04 or from the dioxide ReO.^; it can 
be purified^^®® by oxidizing it to perrhenic acid and reducing this again in 
hydrogen at 1,000-1,100°. Owing to its infusibility the metal is usually 
obtained as a powder, but it can be got in a coherent form by heating a 
very thin platinum or tungsten wire in the vapour of the tetrachloride.^^^® 

The melting-x^oint of pure rhenium is 3,137° Its specific resistance 

is rather high as compared with those of its neighbours.The value 
in ohms/cm. at 20° is 20x10"®, the others being Mn 4*4, W 5*9, and 
Os 9*5 X 10"® respectively. 

The atomic weight was found from the ratio AgRe04:AgBr to be 
186*31.’^'^2 jx, has two isotopes of 185 and 187, which are present in the 
ratio 1:1-62; it is very rare for the heavier isotope of an element of odd 
atomic number to be the more abundant. 

Chemicallyrhenium behaves as a half-noble metal, but its behaviour 
depends very much on its state of division. The massive metal remains 
unchanged in the air, while a fine powder may even be pyrophoric. If it 
is heated in oxygen the heptoxide Re207 distils off; dry chlorine acts on it 
below 100° to give volatile chlorides; bromine does so less readily, and 
iodine not at all. Sulphur converts it into the disulphide ReSg; nitrogen 
has no action at any temperature examined (up to 2,000°). Air-free water, 
either alone, or when it contains HF, HCl, HBr, H2SO4, KOH, or ammonia, 
has practically no action on the metal, which is open to attack chiefly by 
oxygen (especially in the presence of concentrated acids) and oxidizing 
agents such as HgOg, HNO3, chlorine water, etc. 

NN., p. 26. H. Haraldsen, Z. anorg, Ghem, 1935, 221, 397. 

C. Agte, H. Alterthum, K. Becker, G. Heyne, and K. Moers, ib. 1931,196,129. 

1171 Meissner and B. Voigt, Ann. Phya. 1930, 7, 916. 

O. Honigschmid and R. Sachtleben, Z. anorg. Ghem. 1930, 191, 309. 

NN., p. 33. 
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The finely divided metal, especially as it is obtained by adsorbing 
KRe04 solution on clay, drying, and reducing with hydrogen, is an active 
catalyst for splitting alcohols into hydrogen and the aldehyde^^^^®; it is 
less effective for reducing unsaturated hydrocarbons like cyclohexene, and 
is useless for oxidation reactions, as the rhenium volatilizes away as the 
heptoxide. If KgReCl^ is reduced in presence of gum, a stable colloidal 
solution of rhenium is obtained, which catalyses the reduction of maleic 
and cinnamic acids, and the synthesis of ammonia.^^^® 

Rhenium and GarhoviP^^ 

If methane is heated in contact with rhenium it begins to decompose at 
800°, and the separated carbon dissolves in the metal up to 0*9 per cent., 
but no carbide is formed up to 2,000°. The metallic powder is, however, 
said to form a carbide when heated in carbon monoxide above 500°; the 
product contains up to 4*9 per cent, of carbon (about Re4C3). 

Rhenium and Phosphorus^^’^^ 

Red phosphorus has no action on rhenium up to 750°, even if it is heated 
with it for days at 40-50 atm. pressure. Above this temperature the 
elements combine, and the concordant results of measurements of the 
vapour pressure of the phosphorus, and of X-ray powder diagrams, indi¬ 
cate the formation of definite compounds of the compositions RePj, 
RePg, ReP, and Re2P. 

Rhenium and Arsenic^^^^ 

These elements seem to form only one compound, RcgAs?, which loses 
all its arsenic in a vacuum at 1,000°. 

HEPTAVALENT RHENIUM 

This, which is the group valency, is a particularly stable state for 
rhenium, even more than for manganese. The tendency of the intermediate 
valencies to ‘disproportionate’ with the production of the highest states 
is even more marked with rhenium than with manganese, and the higher 
state assumed in this process with rhenium is almost invariably the hepta- 
valent and the lower sometimes the metal. 

Heptavalent rhenium occurs in combination with oxygen and sulphur, 
but scarcely ever with halogens; no heptahalides of rhenium are known, 
and only a few oxyhalides of this valency such as Re03Cl. The hepta- 
valent rhenium compounds are thus practically limited to perrhenic acid 

M. S. Platonov, S. B. Anissimov, and V. M. Krascheninnikova, Ber. 1936, 68, 
761; 1936, 69, 1050. 

M. S. Platonov, J. Chem. Russ, 1941, 11, 683. ReSj can also be used for the 
same purpose. 

C. Zenghelis and C. Stathis, C.R. 1939, 209, 797. 

1177 ^ Trzebiatowski, Z. cmorg, Chem, 1937, 233, 376. 

H. Haraldsen, ib. 1936, 221, 397. 

117® Weichmann and M. Heimburg, ib. 1939, 240, 129. 



Heptavalent Rhenium 1295 

HRe04 and its derivatives, including the anhydride Re207, and certain 
sulphur and selenium derivatives. 

Rhenium Heptoxide, Re 207 

This substance is always produced when rhenium compounds are 
ignited in oxygen; it can be made by heating metallic rhenium in oxygen 
at any temperature above 150"^, or by evaporating an aqueous solution of 
perrhenic acid HReO^ to diyness. 

It occurs in two forms, one yellow and the other white. The white form 
is still very imperfectly understood. It is formed by the direct oxidation 
of rhenium or of its dioxide, apparently^^®® when the cold gas comes in 
contact with the hot metal or oxide; it must be isomeric with the yellow 
Re207, since at 150°^^®^ it changes into the yellow form without any loss 
of oxygen. This behaviour recalls the dimorphism of phosphorus j)ent- 
oxide (V. 738). 

The ordinary form of rhenium heptoxide is yellow ; it darkens on heating, 
while at —80° it is colourless. There is a striking contrast between the 
brilliant colours of the heptavalent manganese compounds—the dark 
green Mn207 and the purple permanganates—and the nearly colourless 
derivatives of heptavalent rhenium. This appears to be due to the absorp- 
tion bands having been shifted out of the visible into the ultra-violet, 
where the heptoxide and the acid have been shown to have a strong 
absorption. 

Rhenium heptoxide is a solid melting at 304°, and boiling at 350°. The 
vapour is colourless, stable, and monomeric at least up to 520°. It is easily 
soluble in water, in which it is reversibly hydrated, alcohol (which it does 
not oxidize) and acetone, and slightly in ether and CCI4. 

Carbon monoxide and sulphur dioxide reduce Re207 slowly in the cold 
and rapidly on heating to the coloured lower oxides; hydrogen reduces it 
at 300° to the blue-black Re02, and at 500° to the metal. HgS reacts with 
it slowly in the cold and quickly at 80°, forming a layer of the heptasul- 
phide Re2S7 which covers the crystals and prevents further action. 

Perrhenic Acid, HRe 04 

Re207 is the anhydride of perrhenic acid HRe04, which corresponds to 
permanganic HMn04, but differs from it, as periodic does from perchloric, 
and somewhat as telluric does from selenic and sulphuric, in occurring not 
only in the monobasic ‘ meta ’ form HRe04, but also in a polybasic hydrated 
form H3Re05, known as meso-perrhenic acid; neither acid can be isolated, 
but both, especially the first, give rise to numerous salts. 

Perrhenates are formed with great ease by the action of oxidizing agents 
such as hydrogen peroxide on metallic rhenium or its lower oxides and their 
derivatives. The acid gives in water a colourless solution, which on 

NN., p. 43. 

H. Hagen and A. Sieverts, Z. anorg. Chem. 1932, 208, 367. 
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evaporation loses water continuously until the heptoxide RegOv is left. If 
this is mixed with just enough water to give Re207,H20 a yellow mass is 
formed which melts at 150°, but gives no evidence of being a chemical 
individual. 

Perrhenic acid and its salts can be reduced in a variety of ways.^^®^"® In 
concentrated solution potassium iodide or hydrazine reduces them to 
Re02, with the intermediate formation of the pentavalent hyporhenate 
MRe03. The reduction in acid solution (it is much hastened by the 
presence of excess of acid)^^®^ usually proceeds directly to the pentavalent 
stage; this occurs in HCl solution with electrolytic reduction,with 
and with stannous chloride.^^®® In H2SO4 solution, on reduction 
with Fe" Sn" or Ti'", Re'^^ is formed as an intermediate product, as can 
be shown both electrometrically and by the colour,^1®^ the hexavalent 
rhenium solution being violet and the pentavalent blue; if the reaction is 
to be stopped at the hexavalent stage a large excess of H2SO4 must be 
used, and the temperature kept low. With hydriodic acid the reduction 
goes first to the pentavalent stage, and then further to the tetravalent.^^®® 

Perrhenates 

A large number of perrhenates are known, of monovalent, divalent, and 
trivalent bases, some with water of crystallization and some without. They 
are colourless when the cation is not coloured, the absorption of the anion 
beginning at 3,800 A.U. The properties, and especially the solubilities, 
of the solid salts are of interest, particularly in relation to those of the 
salts of certain other strong monobasic acids with small, roughly spherical, 
and only slightly deformable anions, such as MnO^, CIO4, IO4, BF4, and 
SO3F'. As we have already seen, a resemblance of this kind often leads to 
a close similarity in crystal structure and in solubility. It does not neces¬ 
sarily involve any similarity in stability, and in this respect there is a 
remarkable difference between the perrhenates and the other salts, 
especially in their resistance to heat. The perrhenates are remarkably 
stable. KMn04 begins to lose oxygen at 200°, KCIO4 at 400°, KIO4 ^ 
red heat (say 600°), and KBF4 begins to dissociate at about 500°; none of 
these salts can be distilled without decomposition, even in a vacuum, 
whereas KRe04 melts at 518°,ii®® and distils unchanged under 1 atm. 
pressure at kSTO®.^^®*^ 

But in the crystalline forms and the solubilities the resemblances are 
very close. The structure of the Re04 ion is as we should expect like that 
of Mn04 or CIO4, with the four oxygens arranged round the rhenium at the 
points of a tetrahedron.^^®^® The crystalline forms are indeed different, 

1182 Jakob and B. Jezowska, Z. anorg. Chem. 1933, 214, 337. 

H. Holemann, ib. 1934, 217, 106. 

Id., ib. 220, 33. B. Jezowska, Rocz. Chem. 1934, 14, 1061. 

H. Holemann and W. Kleese, Z. anorg. Chem. 1938, 237, 172. 

11 ®’ D. Vorlander and G. Dalichau, Ber. 1933, 66, 1534. 

KRe 04 : E. Broch, Z. phyaiknl. Chem. 1929, B 6, 22. 

[Cd(NH 8 )J-(Re 04 )a: K. S. Pitzer, Z. KruL 1936, 92, 131. 
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the alkaline permanganates and the borofluorides being rhombic, while 
the perrhenates and periodates are tetragonal, but this is a direct result of 
the difference in ionic size, as V. M. Goldschmidt has shown. 

The solubilities of the perrhenates vary^^®^^ in the same way as those 
of the other salts mentioned above; we find the same low solubility of the 
salts of univalent cations (K, Rl), (^s, Tl', Ag') other than Na and Li, and 
of those of many complicated organic bases such as strychnine and nitron 
(many more of which are known than of the permanganates, because 
Re07 is a much less powerful oxidizing agent than MnO^); the much 
greater solubility of the salts of sodium’*' and of the simple divalent 
cations such as Ca, Sr, Cu", Mg, Zn, Cd, Co", Ni; the great diminution of 
solubility with the tetra- and hexammines of cobalt^^®^; the absence of 
hydration in the salts of univalent metals and its presence in those of 
polyvalent. All these peculiarities are shared by the perrhenates with the 
perchlorates, periodates, borofluorides, and so far as is known the fluoro- 
sulphonates as well. 

The table below gives the solubilities in water in moles per litre at 
temperatures near the ordinary for a series of these salts.^^®^^ The tem¬ 
perature is always 20"^ unless otherwise stated. 


Solubilities in Water in moles per litre 



RoO; 

MnO; 

cio; 

10; 

bf; 

SO,F' 

Na . . . 

ca. 3*6 

Deliqu. 

17-28/26° 

0-480 



K ... 

0-034 

0-404 

0-121 

0-0022 



Rb . . . 

0-031 

0-052 

0-065 

0-023/13° 

0-027 


Cfl . . . 

0-020 

0-009 

0-070 

0-066/15° 

0-047 


NHi 

0-227 

0-580/15'^ 

2-136/26° 

0-129/15° 



Co(NH 3)/" . 

0-00051 


0-013/9° 


0 

..H 

0 

6 


Cr{^B,)r . 

0-00073 

0-0036/17° 

0-0199/17° 


0-0412/17° 

0-063 

Cr(NHaCONHa),'' . 
NiCNH*). in 10-n. 

0-0154 

0-084 

0-006 


0-005 

0-063 

aq. NH3 

0-0506/26^’ 


0-0134/26° 


0-0164/26° 


Cu(py); . 

0-0063 


0-018/12-5° 


0-063/12° 

0-047/12° 

Ag' . . . 

0-0089 





.. 

Tl' ... 

0-0036 






Ba" . . . 

0-236 





•• 


M eso-perrhenates 

These salts, which are derived from the acid IlgReOs, can be made both 
by alkaline fusion and in the wet way.^^^® 

If metallic rhenium or ReOg is fused with an alkaline hydroxide with 
access of air, or in presence of an oxidizing agent such as a peroxide, 
nitrate, or chlorate, the fused mass turns yellow, or, if it contains much 

* The ratio of the solubility of the Na to that of the K salt at 20° (see NN., p. 47) 
is MReO* 101: MCIO 4 143: (MM 11 O 4 large): MIO 4 22. 

1190 E. Wilke-Dorfurt and T. Gimzert, Z. anorg. Chern,, 1933, 215, 369, 

E. Neusser, ib. 1937, 230, 253. 

J192 X. Smith and S. H. Long, J.A,C.S, 1948, 70, 354. 

B. Schamow, Z, anorg* Chem. 1933, 215, 185. 
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rhenium, red, from the formation of a meso-perrhenate MgReOs. Salts of 
this acid can also be made by adding excess of base to solution of a normal 
perrhenate. Thus the barium salt Ba 3 (Re 05)2 separates as a bright yellow 
•precipitate when barium hydroxide (or an alkaline hydroxide) is added to a 
solution of barium perrhenate Ba(Re 04 ) 2 . It was shown^^®® that whether 
the ratio of Ba(OH )2 to Ba(Re 04)2 taken was 10 : 1 , or 20 : 1 , or 100 : 1 , that 
of Ba to Re in the product was always the same, and approximately 3: 2 . 

These salts are yellow when cold and red when hot; they give a colour¬ 
less solution in water because they are at once hydrolysed to the normal or 
meta perrhenate MRe 04 ; in the same way prolonged washing with water 
converts a meso into a normal perrhenate. 

The barium salt is decomposed by CO 2 , with precipitation of BaCOg and 
formation of Ba(Re 04 ) 2 , showing the extreme weakness of the second and 
third dissociation constants of the meso-acid; this is in sharp contrast to 
the corresponding meso-periodate, where the acid is so much stronger as 
regards the last two replaceable hydrogen atoms that the barium salt is 
not converted into the normal periodate by anything weaker than nitric 
acid.^^®^ The strontium salt is similar. 

Thioperrhenates 

One of the characteristics of heptavalent rhenium is its power of forming 
compounds in which the oxygen is replaced by sulphur, such as the hepta- 
sulphide Re 2 S 7 and the thioperrhenates. Feit^^®^ showed that if HgS is 
passed into a neutral solution of a perrhenate, the colourless solution turns 
greenish-yellow owing to the production of a thioperrhenate, according to 
the equation 

MRe 04 + HgS = MReOgS -f HgO. 

The salt produced is mixed with dark-coloured poly-thio-compounds, but 
it can be separated from them by fractional precipitation with thallous 
nitrate of the thallous salt T^ReOgS), which can then be recrystallized 
from water and alcohol. 

In solution these salts are to some extent hydrolysed into HgS and the 
perrhenate; silver nitrate precipitates AggS: plumbous cupric and mer¬ 
curic salts give characteristically coloured precipitates, which are mixtures 
of the thioperrhenate and the sulphide. 

The salts are oxidized by nitric acid, bromine water, or H 2 O 2 to per¬ 
rhenate and H 2 SO 4 , or if the solution is concentrated to perrhenate and 
free sulphur. The acidified solution slowly precipitates rhenium hepta- 
sulphide: 

7 HReOgS = RegS^ + 5 HRe 04 + HgO. 

The free acid HReOgS has not been isolated, but conductivities show it 
to be a strong acid, and accordingly it is not extracted from its aqueous 
solution by ether. In their solubilities the salts resemble the chlorides 

C. W. Kimmins, J,C.S. 1889, 55, 148: 
im w, Z, angew, Chem, 1931, 44, 66 ; Z. anorg, Chem. 1931, 199, 262. 
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rather than the perrhenates: the solubihties of some of them (in g. per 
litre at 20 °) are: Na, very soluble; K, 670; Rb, 143; Cs, 14; Tl', 1 * 02 ; 
NH 4 , very soluble. 

The prolonged action of H 2 S on a perrhenate solution seems to lead to 
the replacement of more oxygens by sulphur.^^®® 

Rhenium Heptusulphide, Re2S7 

This remarkable compound can be made^^®'^"^^®® by the action of hydrogen 
sulphide or sodium thiosulphate on an acidified solution of a perrhenate, 
when it separates as the hydrate Re 2 R 7 ,H 20 . It can be got in the anhydrous 
form by the action of H 2 S on dry RcgO,. It is also precipitated by HgS 
slowly but almost quantitatively from an ammoniacal solution of a 
perrhenate.^^®® 

The anhydrous compound is a fine black amorphous powder easily 
oxidized by air, sometimes with incandescence. It begins to dissociate 
below its melting-point, and readily decomposes with evolution of heat 
into ReS 2 and free sulphur. It dissolves only with decomposition, but 
owing to its fine state of division it is a powerful absorbent. It is not 
attacked by K 2 S, HCl, or H 2 SO 4 , but is oxidized to perrhenic acid by 
HNO3, bromine-water, or H 2 O 2 . 

Rhenium Heptaselenide^^ 

This is very hke the heptasulphide, and is made in the same way. It is 
a fine black powder, which is a strong absorbent, and it breaks up in vacuo 
at 325° into ReSe 2 and free selenium. 

Oxyhalides of Heptavalent Rhenium 

It is remarkable that although no binary halides of heptavalent rhenium 
are known, at least two oxyhalides have been prepared; this is perhaps on 
account of the instability of the 7-covalent state. 

The chloride ReOaCl is formed^^®^"^ by heating Re 207 with excess of 
ReCl 4 (or the mixture of ReCls and ReClgi see p. 1308) and fractionating 
the product. It is a colourless liquid freezing at +4*5°, and boiling at 131°. 
Water or moist air at once converts it into HRe 04 +HCl. According to 
GeUmann^^os very sensitive to light, and in sunlight turns reddish- 
violet in a few minutes, the colour disappearing again in the dark. 

The oxyhalide Re 02 Cl 3 which has been described does not appear to 
exist.^2®i 

The oxybromide Re 03 Br was made by Brukl and Ziegler^^®^ by heating 

1186 nN., p. 66. I. and W. Noddack, Z. angew, Chem, 1931, 44, 215. 

1188 Geilmajm and F. Weibke, Z. anorg, Chem, 1931, 195, 289. 

J. H. Muller and W. A. La Lande, J,A,C,S, 1933, 55, 2376. 

H. V. A. Briscoe, P. L. Robinson, and E. M. Stoddart, J.C,S, 1931, 1439. 

A. Brukl and K. Ziegler, Ber, 1932, 65, 916. 

isot Briscoe, P. L. Robinson, and A. J. Rudge, J.G.S. 1932, 2673. 

1203 \y^ Gteilmaim and F. W. Wrigge, Z, anorg, Chem, 1933, 214, 248. 

A. Brukl and K. Ziegler, Mon, 1933, 142, 639. 
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metallic rhenium in a mixture of oxygen and bromine vapour, and then 
distilhng the product over Re 207 ; it is a pure white solid melting at 39*5°, 
and boiling at 163°. 

HEXAVALENT RHENIUM 

The compounds of hexavalent rhenium have a great resemblance to 
those of hexavalent manganese, but they are definitely less stable. Of all 
the valency states of rhenium this is the one which has the strongest 
tendency to disproportionation, according to the equation: 

3 Re^i Reiv .p 2 Re'^^'. 

The hexavalent state is not very stable even with manganese, as is shown 
by the readiness with which a manganate passes into a permanganate, 
but the change is much easier with rhenium, because of the great stability 
and large heat of formation of its heptavalent compounds. Thus if a per¬ 
manganate is fused with excess of an alkaline hydroxide, it loses oxygen 
and goes over into the manganate, but no corresponding change occurs 
with a perrhenate. 

The compounds of hexavalent rhenium include the trioxide ReOg (to 
which there is no manganese analogue), the salts of rhenic acid H 2 Re 04 , 
whose existence is certain, though they cannot be isolated: like the man- 
ganates they are green; a hexafluoride (the only binary halide of rhenium 
with more than 5 halogen atoms in the molecule), and a few oxyhalides. 

Rhenium Trioxide^ ReOg 

This is made by heating rhenium with the heptoxide to 200-50°,or 
by burning the metal in a slight defect of oxygen. It is a crystalline powder 
which may have any colour from dark blue (known as rhenium blue) to 
copper colour, according to its state of division.^^®® 

Its crystal structure is similar to that of CrOg and WOg.^^o? 
attacked by water, hydrochloric acid (even hot), or dilute sodium 
hydroxide; it is reduced by acidified potassium iodide with separation of 
iodine, and is oxidized by nitric acid to HReO^. If it is boiled with con¬ 
centrated alkali, or heated alone in vacuo to 400°, it is converted into a 
mixture of the dioxide and heptoxide: 

3 ReOg = ReOg + Re 207 . 

Rhenium trioxide is formally the anhydride of rhenic acid H 2 Re 04 , the 
salts of which can be obtained in solution; but it does not form these salts 
with alkalies, owing perhaps to the great instability of rhenic acid. 

Salts of Rhenic Acid, HgReO^ 

These salts, which correspond to the green manganates, and are them¬ 
selves green, have been prepared in solution, but owing to their extreme 

1806 Biltz, G. A. Lehrer, and K. Meisel, Nachr, Gea, Wiaa. Oott. 1931, 191. 

UM W. Biltz, F. W. Wrigge, and K. Meisel, ib. 1936, i. 161. 

K. Meisel, Z. anarg, Chem, 1932, 207, 121. 
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instability, and their strong tendency to disproportionate into 
they have never been isolated. 

If a fused alkaline perrhenate is treated^^®® in the absence of air with 
enough ReOg to form the rhenate M2Re04, the yellow mass turns green, 
and no doubt contains the rhenate, but this cannot be isolated, since both 
water and alcohol decompose it. If barium perrhenate Ba(Re04)2 ^ fused 
with ReOg and NaOH, and the product extracted with alcohol, impure 
barium rhenate remains as a green insoluble residue, stable only in presence 
of excess of alkali, and immediately decomposed by water into the 
perrhenate Ba(Re04)2 ®^ud the rhenite BaRe'^Og; it is more stable in the 
form of pale green mixed crystals with barium sulphate. 

Rhenium Hexafluoride^ ReFg 

This compound is made by the action of elementary 

fluorine on rhenium powder at 125 ^. This must be done in a fluorite (CaPg) 
tube, since the product attacks hot quartz; it first reacts with it thus: 

2 ReP^ -f“ Si02 “ 2 ReOP4 -j- SiP4 
and then, with a characteristic disproportionation: 

3 RePe + 3 SiOa = ReP4 + 2 + 3 SiP4 

the ultimate product containing Re^'" and Re^^^ The fluorine used must 
be quite free from oxygen, ^^14 qIqq from chlorine, which last can be 

removed by condensation and fractionation; the product is condensed 
with Uquid air, and is then practically pure.^^®® 

Rhenium hexafluoride is a pale yellow crystalline solid, melting at 
18 * 8 ° (the melting-point of 25 * 6 ° previously given is incorrect) to a 
pale yellow liquid, of b. pt. 47*6°^2i3. critical temperature is about 
209 °. The heat of evaporation is 6*89 k.cals., and the Trouton constant 
21.5 1213 vapour density is that required for RePe- 

It is very unstable: it reacts at once with water, fats, glass, and even 
ligroin; it attacks quartz below 30 °, with evolution of bubbles of SiP4. In 
practically all these decompositions disproportionation occurs: thus with 
water the product is HRe04 and the hydrated dioxide. 

Rhenium hexafluoride can be reduced by hydrogen at 200°, by CO at 
300 °, by SO2 at 400 °, and by metallic rhenium at 400 - 500 °; in these reduc¬ 
tions it always forms the tetrafluoride ReP4; at higher temperatures it is 
reduced to the metal. Oxygen and oxidizing agents convert it into the 
hexavalent ReOP4 and the heptavalent ReOgP. 

All attempts^^^^ to prepare the heptafluoride ReP^ faded, and the 

1208 NN., p. 58. 

O. Ruff and W. Kwasnik, Z. anorg, Gh^em. 1932, 209, 113. 

O. Ruff, Z. angew. Chem. 1933, 46, 739. 

1212 Ruff and W. Kwasnik, Z. anorg, Chem, 1934, 219, 65. 

1213 Id., ib. 220, 96, 

1214 poj, 3 method for removing oxygen see O. Ruff and W. Menzel, Z. anorg, Chem. 
1933,211, 204. 
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compound probably does not exist. Further, there is no evidence of 
the existence of a hexachloride, though a pentachloride is known. The 
existence and non-existence of these higher halides cannot be explained on 
stereochemical grounds alone, since the atomic radii of Re, Mo, and W are 
almost the same (1*37, 1*36, and 1*37 respectively); all three elements form 
hexafluorides, but only tungsten a hexachloride, the others stopping at the 
pentachlorides ReCls and M 0 CI 5 . 

Oxyhalides of Hexavalent Rhenium 

Three of these compounds are known, a fluoride and a chloride of the 
type ReOX 4 , and a fluoride Re 02 F 2 . 

ReOF 4 ^ 2 i 2 is slowly formed by the action of the hexafluoride on quartz 
or glass; it is best made by passing a mixture of fluorine and oxygen over 
metallic rhenium at temper itures from 125® to 300®; in either reaction it 
is mixed with ReFe, which must be removed by fractional distillation in 
a high vacuum; the ReF^ (boiling-point under atmospheric pressure 47*6®) 
comes oflF first, and then the ReOF 4 (b. pt. 62*7®), while a small quantity 
of ReOgFg remains behind. 

ReOF 4 is a pure white substance, melting at +39*7®, with a heat of 
sublimation of 9*51 k.cals., and an extrapolated boiling-point of 62*7®. Its 
reactions are just like those of ReF®, but usually need a rather higher tem¬ 
perature. It is reduced by most organic substances, but is stable to 
oxidation. 

The corresponding chloride ReOCl 4 ^^^® is made by heating the tetra¬ 
chloride (or rather the mixture of ReCls and ReCl 3 ) with oxygen to 150°. 
It is a dark brown solid which melts at 28® and gives off a brown vapour on 
heating. It forms in cold concentrated hydrochloric acid a brown solution, 
which probably contains the acid HgReOCls,^^^® but this rapidly changes 
with the usual disproportionation according to the equation 

3 HgReOCle + 5 H^O = H^ReCle + 2 HRe04 + 12 HCl. 

The brown salt KgReOCl® has been isolated, but it very soon decomposes 
in this way. 

If ReOCl 4 is dissolved in organic liquids such as benzene or chloroform, 
and exposed to moisture, it is hydrolysed with the formation of a blue 
substance which could not be purified, but seems to have 2 of the 4 
chlorine atoms replaced by H or OH. 

ReOCl 4 reacts violently with gaseous or liquid ammonia. If the product 
is heated at 300® in a stream of ammonia, the NH4CI sublimes away, and 
there remains a solid of the composition ReO(NH 2 ) 2 Cl 2 . This reacts with 
water at once to lose both chlorine atoms and form ReO(NH 2 ) 2 (OH) 2 .^^^® 

The last oxyhalide Re02F2 (to which there is no chlorine analogue) is 
formed as we have seen^^^® in small amount when fluorine and oxygen are 

A. Brukl and E. Plettinger, Ber. 1933, 66, 971. 

J. and W. Noddack, Z. anorg, Chem, 1933, 215, 129. 
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passed over heated rhenium. When the ReOF4 has been sublimed off it 
remains as a white powder melting with decomposition at 156° C. In 
moist air it hydrolyses and turns violet. 

Complex thiocyanates of hexavalent rhenium appear to be formed, 
but they have not been isolated. 

PENTAVALENT RHENIUM COMPOUNDS 

The appearance with rhenium of this valency, which does not occur at 
all with manganese, is an example of the greater stability of the higher 
valencies in the heavier atoms of a subgroup. Even with rhenium the 
pentavalent compounds are few, being confined to the salts of hyporhenic 
acid* HReOg, the halides and oxy-hahdes, and a very few cyanide 
complexes. 

The pentavalent rhenium compounds can be made by the action of 
Re*'^ on Re’^^^ and are also formed as the first stage in the disproportiona¬ 
tion of Re^'", which gives Re'^^+Re'^. 

The instability of the pentavalent rhenium compounds is shown by their 
great readiness to disproportionate, almost invariably to heptavalent+ 
tetravalent rhenium. This tendency makes most of the compounds decom¬ 
pose easily, either alone or in solutions which are not strongly acid or 
strongly alkaline, but it is to some extent checked in presence of excess of 
either hydroxyl or hydrogen ions, the former giving the hyporhenates, and 
hydrochloric acid the chloride and the complex oxychlorides. 

Hyporhenates^ MRe03^^^^ 

The pentavalent oxide RcgOs has not been prepared. If a perrhenate is 
fused with Re02 and an alkaline hydroxide in the absence of air, the 
hyporhenate MReOg can be obtained. The whole behaviour of the 
rhenium oxides when fused with alkah is peculiar. If rhenium dioxide is 
fused in this way in absence of air, it is converted into the dark brown 
rhenite MgRe^^’Og. If air is admitted to the fused mass it first turns yellow 
from the formation of the hyporhenate MRe'^Og, then green (rhenate 
M2Re'^^04), and then yellow or red (mesoperrhenate MgRe^^^Os). Unless 
there is enough oxygen present to convert all the rhenium into the meso¬ 
perrhenate, a mixture of compounds in the various states of oxidation is 
produced in proportions depending on the temperature and the amount of 
oxygen.^22^ 

The only hyporhenate hitherto isolated is the sodium salt NaRcOg. 
This forms pale yellow crystals; in the dry state if it is free from alkali it 

* Formally this acid is the analogue of the halic acids such as chloric HCIO 3 ; but 
the name of rhenic acid is preoccupied by HjRe 04 (so called from manganic acid, 
there being no HMnOs) to which the halogens have no parallel. 

1217 J. G. F. Druce, Rec. Trav. 1935, 54, 334. 

1218 H. Holemann, Z. anorg. Chem. 1937, 235, 1. NN., p. 61. 

1220 I. and W. Noddack, Z. anorg. Chem. 1933, 215, 129. 
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very readily goes over into the rhenite NagRe^^Oa and the perrhenate 
NaRe'^04; in water or in acids it is at once converted into rhenium 
dioxide and the perrhenate; it is oxidized by the air to the perrhenate 
(these reactions show the great stability of the heptavalent perrhenate). 
The solid is fairly stable if it is kept under aqueous or alcoholic soda. Only 
0*04 g. dissolves in a htre of l*8-normal sodium hydroxide at 0®. The 
solution is yellow, and soon begins to separate the hydrated dioxide; 
ammonium chloride precipitates the black Re02 at once; HgS reacts 
slowly to form the thioperrhenate NaReOgS. 

Sodium hyporhenate forms mixed crystals with the meta-niobate 
NaNbOg and tantalate NaTaOg, in which it is more stable than in the pure 
state. 

The potassium and barium salts were obtained, but they could not 
be purified; this suggests that hyporhenic acid is a weak acid, with a 
sodium salt less soluble in water than the potassium salt. 

Pentavalent Rhenium Halides 

These seem to be confined to the pentachloride, and a certain number of 
complex derivatives. It is remarkable that no pentafluoride, intermediate 
between ReF® and ReF4, has been obtained. 

Rhenium pentachloride^^^^'^ is the chief product of the action of chlorine 
on metallic rhenium. The product is heated to drive ofi* the volatile 
ReOCl4, and then further in vacuo at 150-250°, when the pentachloride 
sublimes away, leaving a small residue of the trichloride ReClg.^^^^ 

Rhenium pentachloride ReClg is a blackish-brown sohd giving a dark 
brown vapour. It decomposes on distillation at the ordinary pressure, and 
even on melting. If it is distilled in a stream of nitrogen it breaks up into 
the trichloride and chlorine: no other products are formed; when heated 
in oxygen it bums with the production of Re'^^OCl4 and Re^^^OgCl. If it 
is heated with potassium chloride it undergoes a remarkable reaction, 
evolving chlorine and forming the tetravalent complex KgRe^^Clg, which 
can be purified by recrystallization from dilute hydrochloric acid. This 
complex salt must be exceptionally stable, since it is also formed, with the 
separation of metallic rhenium, when KCl is heated with rhenium 
trichloride ReClg. 

In many of its reactions rhenium pentachloride undergoes dispropor¬ 
tionation to heptavalent rhenium (perrhenates) and lower states of oxida¬ 
tion. Thus with aqueous sodium hydroxide it gives the hydrated dioxide 
and the perrhenate: if the temperature is raised the yield of the perrhenate 
is increased, owing to the oxidation of the dioxide by the air. With water 
alone ReClg reacts violently, giving the hydrated dioxide, perrhenic acid, 
HgReClg, and chlorine. With aqueous hydrochloric acid it gives a green 
solution containing HRe04, HaReClg, and free chlorine. 

No other pentahalides of rhenium are known, and no simple oxyhalides, 

W. Geilmaim, F. W. Wrigge, and W. Biltz, Z. anorg, Chem, 1933, 214, 244. 

1 S 8 S Geilmann and F. W. Wrigge, ib. 248. 
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and no complex halides; but there is a series of complex oxyhahdes 
described in the next section. 

Complex Compounds of Pentavalent Rhenium 

Hexavalent rhenium has a certain power of forming unstable complexes 
of the type of KgReOCl^. With pentavalent rhenium the tendency to form 
complexes is stronger, and the complexes can in some cases be isolated. It 
is curious that with pentavalent as with hexavalent rhenium the complex 
salts are not derived from the binary halides, which are known, but from 
the oxyhalides which in the pentavalent series do not exist. 

The pentavalent rhenium complexes were investigated by Jak 6 b and 
Jezowska.^^^^^ They showed by E.M.F. measurements^*^ that a solu¬ 
tion of KRe04 ^ aqueous hydrochloric acid is rapidly reduced electro- 
lytically to the Re^ stage, the reduction then proceeding slowly to Re*^.^**® 
The pentavalent rhenium solution is greenish, and on addition of KCl 
precipitates a yellowish-green salt, which on analysis gives figures agree¬ 
ing fairly well with K2[Re^0Cl5],H20 or K2[Re^(OH)2Cl5]; since the 
ammonium salt is (NH4)2[ReOCl5] we may assume that the first formula is 
correct. This salt is stable when dry, but in the presence of moisture 
darkens and separates the black dioxide (with simultaneous formation no 
doubt of the jjerrhenate). The salt differs from the tetravalent compound 
KgReCl^ in being readily oxidized—by KJy[n04, HgOg or nitric acid—to the 
perrhenate; it is very easily hydrolysed, and if it is warmed in acid solution 
disproportionates to K2ReCle+KRe04. It is only moderately soluble in 
very concentrated hydrochloric acid, in which it forms a fairly stable 
yellow solution; on dilution the colour changes, and in 1:1 HCl is green; 
on further dilution it becomes greenish-blue, and finally the dioxide is 
precipitated.^**® 

In cold concentrated hydrochloric acid the salt is not oxidized by air, 
but on boding the Re'" is converted into Re^^^-f-Re*'^; this change is pro¬ 
moted by lowering the concentration of hydrogen ion, and for this reason 
the base Re(OH)5 and its dehydration product RcgOg, cannot be prepared, 
since they disproportionate at once. 

The ammonium salt (NH4)2[ReOCl6] is yellow, and similar to the potas¬ 
sium salt in properties, but it is rather more soluble in aqueous hydro¬ 
chloric acid. 


Cyanide Complexes of Pentavalent Rhenium 

A remarkable complex of pentavalent rhenium is the oxy-cyanide salt 
K 3 [Re^ 02 (CN) 4 ].^**®“^ This is made by treating the tetra valent KgReCle 
with excess of KCN and oxidizing with H2O2; the solution is extracted 

122 s VV'. and B. Jezowska, Ber, 1933, 66, 461. 

Id., Z, anorg, Chem. 1933, 214, 337. 1226 i^., ib. 1934, 220, 16. 

ia 2 <i w. Klemm and G. Frischmuth, ib. 1937, 230, 216. 

G. T. Morgan and G. R. Davies, 1938, 1868. 
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with alcohol, the aqueous layer evaporated in the cold, and the residue 
recrystallized from water. Analysis will not distinguish between 

Ks[Rev02(CN)4] and K^[Re^^'^(OiiUGNU 

but the first formula is established by the oxidizing power and by the fact 
that this salt is only produced from KgReCIe when an oxidizing agent is 
present. 

K3[Re02(CN)4] forms orange crystals, very easily soluble in water; 
alkalies have no action on the salt, but acids turn it violet.^^^® 

Most of the salts of this acid are too soluble to be isolated, but the 
thallous salt Tl3[Re02(CN)4] is only slightly soluble in cold water, though 
easily in hot. 

A complex somewhat analogous to this pentavalent rhenium compound 
is the red complex of tetravalent molybdenum K4[Mo02(CN)4]. 

COMPOUNDS OF TETBAVALENT RHENIUM 

This is a very stable valency with rhenium, even more than with man¬ 
ganese ; next to the valency of 7 it is the most stable state for rhenium, 
while with manganese the lower valencies of 3 and 2 are almost equally 
important. But even with Re^'" disproportionation, with the production 
of Re’^^* (together with a lower valency or more often metallic rhenium 
itself) frequently occurs. 

The tetravalent rhenium compounds include the oxide ReOg and the 
rhenites MgReOg, analogous to the manganites: the sulphide ReS2 and 
selenide ReSe2, the tetrafluoride ReF4, and an especiaUy numerous and 
stable group of complex halides of the type MgReX^, which are formed by 
all the four halogens. 

Rhenium Dioxide, ReOg 

This is made^^^^ by burning the metal in an insufficient supply of oxygen, 
or reducing the higher oxides with hydrogen. The hydrated form is pre¬ 
pared by the electrolytic reduction of acid or alkaline perrhenate solutions, 
or by the hydrolysis of the salts of tetravalent rhenium. 

Anhydrous rhenium dioxide is a black powder which has a great absorp¬ 
tive power for gases and solutes. It is very stable in the absence of 
oxygen, but at high temperatures it is converted in vacuo into a mixture 
of rhenium heptoxide and metallic rhenium. This is in striking contrast 
to the behaviour of manganese dioxide, which on heating loses oxygen and 
is ultimately converted into manganous oxide MnO. 

Oxygen on gentle warming converts rhenium dioxide into the heptoxide, 
the white form of the latter being formed below 150 °, and the yellow form 
above. 

1228 The changes of colour here and with KjReOClg (p. 1305) should be compared 
with those of the en compound [Re 02 (en) 2 ]Cl (almost the only known rhenium 
ammine) given by V. V. Lebedinski and B. N. Ivanov-Emin, *7. Qen. Chem, Ruas, 
1943, 13, 253. 

1222 NN., p. 63. 
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Concentrated hydrogen halides and their salts dissolve ReOg easily to 
give the complex halides MgReXe. Alkalies dissolve it slowly to form the 
rhenites M2Re03; nitric acid, hydrogen peroxide, chlorine water, etc., 
oxidize it to the perrhenate. 

In general the chemical behaviour of ReOg is like that of MnOg; lilce the 
latter it acts as a base and as an acid, but it is stronger as an acid than as 
a base. 

Rhenites^ M 2 Re 03 

These are formed^^^^^ when Re02 is fused with metalhc oxides in the 
absence of air. They are brown microcrystalline solids, insoluble in water 
and alkaline hydroxide solutions, and decomposed by water and acids 
with precipitation of the dioxide; nitric acid, hydrogen peroxide, and 
(slowly) air oxidize them to perrhenates. 

Very few rhenites have been isolated. NagReOg is made by fusing Re02 
with excess of sodium hydroxide in an atmosphere of nitrogen, and wash¬ 
ing out the excess of alkali with water. It forms brown crystals. The 
potassium salt is similar. These compounds are insoluble and diamagnetic, 
which suggests that the anions are not simple. 

Rhenium Disulphide^ ReSg 

This is made^232-3 fusing the elements together; by the action of heat 
on the heptasulphide Re2S7; or by the action of H2S on a solution of a 
tetravalent rhenium compound. 

The anhydrous sulphide ReSg made in the dry way is a soft black 
substance with a layer-lattice like that of MoSg or Cdl2. It is volatile at 
1,000° with some decomposition. The vapour contains no lower sulphides: 
on the other hand, Briscoe has found^^^^ that if the dry heptasulphide 
Re2S7 is heated on a spring balance in nitrogen at 250° it loses sulphur 
quite steadily and regularly until the residue has a composition very near 
to ReSg. We may therefore conclude that the only stable sulphides of 
rhenium are Re2S7 and ReSg. 

When the sulphide is made in the wet way it is obtained in a very fine 
state of division. It is insoluble in alkaline hydroxide or sulphide solution, 
in HCl, and in H2SO4; it can be oxidized to perrhenic acid. It can be used 
(like metallic rhenium) as a catalyst to dehydrogenate alcohols to alde¬ 
hydes or ketones. 

Rhenium Diselenide, ReSeg 

This is made^^^^ by heating the heptaselenide Re2Se7 to 300-25° in 
vaciio. It is stable in air, and is only attacked by strong oxidizing 
agents. 

1*30 ib., p. 64. 

1*31 I. and W. Noddack, Z. anorg, Chem. 1933, 215, 129. 

1 * 3 * NN., p. 64. 

1238 H. V. A. Briscoe, P. L. Robinson, and E. M. Stoddart, J.C.S. 1931, 1439. 

1 * 3 ^ M. S. Platonov, J. Qen. Chem, Russ. 1941, 11, 683. 



1308 


Group VII A. Tetravalent Rhenium 

Rhenium Tetrafluoridey ReF4 

This compound^^^® is formed in small quantity from the elements, but 
it is best made by passing the vapour of ReFe along with hydrogen or 
sulphur dioxide through a hot platinum tube (at 200® with hydrogen or 
400® with SOg). The tetrafluoride being almost non-volatile stays behind. 

Rhenium tetrafluoride ReF4 melts at 124-5® C.: both the solid and the 
liquid are dark green. Its vapour pressure is not perceptible at the 
ordinary temperature. It attacks quartz at 80®, but in a platinum tube 
it can be sublimed without change in a current of SOg at 500®. 

Rhenium tetrachloride, ReCl4, probably does not exist,though very 
stable complexes are derived from it. If it is hberated (as by heating the 
salt AggReCle) it at once changes to a mixture of ReCls and ReClg. 

ReBr4 and Rel4 may be among the products of the action of these 
halogens on rhenium, but they have not been isolated in the pure state. 

No simple oxyhalides of tetravalent rhenium are known, although com¬ 
plexes derived from them exist, and Ruff and Kwasnik^^®^ have shown 
that it is almost certain that an oxy^uoride ReOFg exists, although they 
were not able to isolate it. 

Complex Halides of Tetravalent Rhenium 

This is a remarkably stable group of compounds, formed by all four 
halogens, and it is the only considerable series of complex rhenium com¬ 
pounds known. The corresponding manganese complexes occur, but they 
are much less stable, and they do not include any bromides or iodides; this 
is probably due to the fact that the tetravalent manganese oxidizes the 
bromine and iodine anions, while tetravalent rhenium is practically 
devoid of oxidizing power. 

Complex FluorideSy M2[ReFg] 

These salts are most conveniently made^^^^ by reducing KRe04 in HF 
solution with KI: 

2 KRe04 + 6 KI -f 16 HF = 2 KgReFe + 4 KF + 3 Ig -f SHgO. 

KgReFg forms green crystals, giving a green solution. The acid HgReF^ 
(which has not been isolated) must be relatively strong, because the salt 
is hydrolysed by water only on warming. 

The behaviour of these fluorides is very like that of the complex 
chlorides described below, but the fluorides seem to be rather less stable. 

A solution of KgReFg in HF reacts slowly with silicon dioxide to give 
KgSiFe together with what is apparently a mixture of the two oxy- 
fluorides Re^^^OgF and Re^'^OFg. 

Complex Chlorides, M2[ReCle] 

If rhenium tetrachloride (or the mixture of ReClg and ReClg) is dis¬ 
solved in concentrated hydrochloric acid, ^r if ReOg is boiled in this acid, 
*234 O. Ruff and W. Kwasnik, Z. anorg. Chem. 1934, 219, 76. 
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or KRe 04 dissolved in it and reduced with KI and the iodine removed, 
a green solution is obtained, which no doubt contains HgReCle, and from 
this a variety of salts (of K, Rb, Cs, NH 4 , N(CH 3 ) 4 , Ag, TF, Hg', etc.) 
have been made. The exceptional stability of this ReClg complex is 
shown by the facts already mentioned that it is produced ( 1 ) with evolu¬ 
tion of chlorine when KCl is heated with ReCIs, and ( 2 ) with separation 
of metallic rhenium when it is heated with ReClg. The alkaline salts are 
all green when pure, and give yellow-green solutions; KgReCl^ gives a 
0*063 molar (30 g./Utre) solution in 10 per cent. HCl at 20"". The silver 
(orange) mercurous and thallous (yellow) salts are only slightly soluble. 
The salts of the alkylammoniums, and of the very large organic bases such 
as cinchonine, are very soluble: those of the aromatic bases likep-toluidine, 
pyridine, and quinoline are relatively insoluble and can be isolated and 
purified.^2^® The 2-oxy-quinolme salt is practically insoluble, and will 
detect 1 mg. of KgReCle in 20 c.c. of water.^^®’ 

If the silver salt is heated in vacuo to 300° it gives off a brown vapour, 
and silver chloride is left behind; this might be supposed to yield the 
tetrachloride ReCl 4 , but nothing could be isolated from the distillate 
except ReCls and ReClg.^^^^ 

In aqueous solution the alkaline salts are stable, and only precipitate 
ReOg after long standing or on boiling. Before precipitation begins the 
solution turns olive-green, owing probably^^^® to the production of an 
oxychloride ion such as [Re(OH)Cl 5 ]" in equilibrium with the normal 
[ReCy; K 2 [PtCle] behaves in solution in this way.^^as 

In presence of alkalies the hexachlororhenates undergo a complicated 
series of disproportionations. In the cold an unstable Re*^ oxychloride, 
perhaps ReOCl 2 , is formed, which changes over to Re“*-fRe^; the latter 
soon changes further to Re^^+Re^, so that the final result is: 

4 Re^y = 3 Re“> + Re^^^ 

If the solution is boiled with alkali two further changes occur: 

1. Rei” = 2 Re” + Re^ 

2. 3 Re^ = 2 Re^'^ + Re'^”. 

Adding all these together we get: 

5 Rei^ = 3 Re” + 2 Re^”. 


Complex Bromides^^ 

The free acid, presumably HgReBrg, aq., must be present in the deep 
yellow solution of ReOg in HBr; on dilution this is hydrolysed in the same 
way as the chloride, with precipitation of the hydrated dioxide. The acid 
can also be made by reducing perrhenic acid (even at 20°) with HBr. 

1236 H. Schmid, ib. 1933, 212, 187. 

H. H5lemaim, ib. 211, 195. 

A. Hantzsch, Z. phyailcaL Chem, 1910, 72, 362. 
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From this solution the K, Rb, and Cs salts can be obtained in brick-red 
crystals. 

Complex Iodides 

The potassium salt KgRelg was obtained^^^® by reducing KReO^ with 
KI in HI solution; it is a black crystalline solid, and gives a deep violet 
solution in water and in acetone; this is readily hydrolysed. 

Its behaviour on acidification is peculiar.If the solution of the 
potassium salt in 20 per cent., H 2 SO 4 is shaken with ether, all the rhenium 
and 5/6 of the iodine (but none of the K) go over into the ether; the reac¬ 
tion must therefore be 

KaRelfl -f H 2 SO 4 - K 2 SO 4 + HI + HRel^. 

It was proved that the rhenium was still tetravalent, and had not been 
oxidized or reduced. This reaction is specific for the hexaiodide: the 
bromide and chloride do not give it. 

This apparent difference of structure between the acid and its salt is 
very peculiar; but it must be remembered that though the composition 
of the salt has been shown to be K 2 Rel 6 , there is so far no evidence, either 
from X-ray analysis or even from isomorphism, that the complex ion really 
is [Relg]; the salt might be a crystal aggregate of K[Rel 5 ] and K[I]. 

Oxyhalide Complexes 

These complexes are formed^^^^ when KRe 04 is reduced by HI in HCI 
solution. The following reactions then occur: 

(1) Revii + r = Revi + I 

(2) 3 Re'^* == Rei'^ + 2 Re^“‘. 

The perrhenate formed in this last reaction then undergoes reduction 
according to ( 1 ), so that in all: 

2 Re'^^* -|- 6 I 2 Re^'^ -f- 3 l 2 » 

It is remarkable that the oxyhalide complexes of tetravalent rhenium 
formed in this way contain two atoms of rhenium in the molecule, the 
potassium salt being K 4 [Re 2 ^''OCIio]» l^kis forms small brown crystals, and 
is isomorphous with its ruthenium analogue K 4 [Ru 20 Clio]* water it 
gives a yellow solution, which easily hydrolyses. Its relation to KgReClg 
is obviously very close; it is converted into it by boiling with 6 per cent. 
HCI; on treatment with alkalies it disproportionates in exactly the same 
way, and—most remarkable of all—it forms mixed crystals with K 2 ReCl 6 
whose colour varies from yellow to orange as the amount of oxychloride 
increases. But no explanation in terms of structure has been suggested. 

H. V. A. Briscoe, P. L. Robinson, and A. J. Rudge, J,C.S. 1931, 3218. 

1210 wr F. W. Wriggo, E. Prange, and G. Lange, Z. anorg, Chem. 1937, 234, 

142. 

1241 NN.. p. 68. 
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Similar oxyhalide complexes are probably formed when rhenium dioxide 
dissolves in hydrobromic or hydriodic acid, but they have not been 
isolated. 

COMPOUNDS OF TBIVALENT RHENIUM 

These are very imperfectly known. Trivalent rhenium can be obtained 
from tetravalent by disproportionation, or by reduction with metallic 
rhenium. 

With manganese the acidic properties have entirely disappeared at the 
trivalent stage, and at the same time the trivalent cation is so easily 
oxidized (to Mn^'") that it can scarcely exist; we are therefore confined 
with manganese to the covalent compounds such as the trihalides and their 
complexes, and even these are unstable from the ease with which they form 
the divalent cations. 

With rhenium we should expect this trivalent stage to be rather more 
stable; the rise of atomic number has increased the stability of the triva¬ 
lent as compared with the divalent state, and also diminished the tendency 
of these lower valencies to ionize, so that two causes of weakness are 
absent. 

On the whole this is so. There is no sign of the formation of an 
cation; but the stability of the compounds is much limited by the ease 
with which they are oxidized to the higher valencies, especially to Re*^ and 
Re^^^; it is only in acid solution, where a complex ion ReX^ is produced, 
or in the trihalides, where the 4-covalent octets of the rhenium are secured 
by polymerization, that this tendency to oxidation is suppressed, and the 
compounds show a reasonable stability. The complexes are all of the 
MReX 4 type, and those of higher covalencies, such as [ReX^] (which occur 
with Re^'", Re'^, and probably Re^) are not found. 

Rhenium Sesquioxide^ Re 203 

A hydrate of this can be got as a black precipitate when a solution of 
trivalent rhenium is treated with an alkaline hydroxide. It is extra¬ 
ordinarily easily oxidized,^^^^ for example, by 10 minutes shaking with 
oxygen in the cold, to the perrhenate. This oxidation is much more rapid 
than that of the hydrated dioxide ReOg, and is in sharp contrast to the 
marked resistance to oxidation offered by rhenium trichloride in acid 
solution. 

The original precipitate of hydrated sesquioxide always contains more 
oxygen than corresponds to RegOg, even when the greatest care has been 
taken to exclude oxygen during its preparation, and it has been shown^^** 
that ReClg will decompose water at 100 ® with evolution of hydrogen, even 
in presence of 1 per cent. H 2 SO 4 , and much more readily in alkaline solu¬ 
tion. Salts of trivalent tungsten, and ferrous hydroxide, behave in the 
same way. 


W. Geilmann and F. W. Wrigge, Z, anorg. Chem. 1933, 214, 239. 
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If the se^quioxide is boiled in alkaline solution, we have the usual series 
of disproportionations 

(1) 3 Reii*-> 2 Re“ + Re^ 

(2) 3 Re^ -2 Re*'^ + Re^“ 

or in all 

9 Re"i -> 6 Re" + 2 Re^^ + Re^". 

A series of alkylates of Re***, Re(0Alk)3 have been described^^^^; they 
are brown solids soluble in alcohol and hydrolysed by water, and resemble 
the corresponding Mn*** compounds. 

There is no evidence that the trivalent rhenium oxide has any acidic 
properties: no alkaline salts of the type of MgReOg or MReOg are known 
(the same is true of manganese). 


Trihalides of Rhenium 

No trifluoride is known, possibly because of the great stability of the 
higher fluorides. The chloride and bromide have been prepared, but all 
attempts to make the tri-iodide have been unsuccessful. 


Rhenium Trichloride 


This compound^222’^2^^^ is formed when we might expect to get ReCl 4 
(for example, by heating Ag 2 ReCl 6 ), the actual product being a mixture of 
the penta and trichloride ReCls and ReClg, from which the pentachloride 
can be distilled off, leaving the trichloride behind. It can also be made by 
heating ReCIs with metallic rhenium to 500®. 

Rhenium trichloride forms reddish-black crystals, which give a deep 
red solution in acetone, in water, and in aqueous HCl. It is reduced by 
hydrogen at 250-300® to HCl and metallic rhenium; X-ray examination 
of the partially reduced material gave no indication of any solid phase 
other than ReClg and the metal .^222 

Rhenium trichloride does not in any way behave as a salt. The freshly 
made aqueous solution gives no precipitate with silver nitrate, and so can 
contain no chloride ions. At 25® the conductivity is found nearly to reach 
its maximum in half an hour. In a moist atmosphere the solid takes up 
water to form the hydrate ReClg, 2 HgO, but this water can be removed 
again in a desiccator, leaving the rhenium trichloride undecomposed, but 
in a very fine state of division, which is unusually active, and dissolves 
more easily than the ordinary form. The molecular weight in glacial 
acetic acid is that of RegCl^,^^^^ the structure no doubt being like that of 
Al^Cle and Fe^C^: 


CK /CK /Cl 

)Re( )Re( 
CK ^CK \C1 


J. G. F. Druce, J.O.aS. 1937, 1407. 

W. Biltz, W. Geilmann, and F. W. Wrigge, Ann. 1934, 511, 301. 
1246 Wrigge and W, Biltz, Z. anorg. Chem. 1936, 228, 372. 
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A solution of trivalent rhenium is very easily oxidized by air (mainly 
to Re*^) if it is alkaline, and fairly easily if it is neutral; but in acid, and 
especially in strongly acid solution, where no doubt complexes are formed, 
rhenium trichloride is very resistent to oxidation, even by hydrogen 
peroxide or chlorine water; blowing air through a solution in 2 -normal 
H 2 SO 4 for 90 minutes had no effect.^^^** If, however, the dry solid rhenium 
trichloride is heated in air or oxygen, it catches fire at 400^, and burns 
with the evolution of a dark green vapour, from which it is possible to 
isolate ReOgCl and ReOCl 4 . 

Rhenium Tribromide 

This can be made by the action of hydrobromic acid on the hydrated 
sesquioxide, or by heating the metal with bromine; the bromine may be 
passed over the metal in a stream of nitrogen at 450°.^246 Another 
method^^^"^ is to heat silver hexabromorhenate AggReBr^ to a moderate 
temperature in a high vacuum, when it decomposes thus: 

2 Ag 2 ReBrg = 4 AgBr + 2 ReBrg -f Brg. 

The bromine passes away; the rhenium tribromide distils over and can be 
purified by resublimation. 

Rhenium tribromide is a greenish-black (otherwise described as dark 
red) solid, which in general resembles the trichloride. It is extraordinarily 
stable, and can be sublimed at 500° either in nitrogen or in a vacuum; 
the vapour is dark greenish-yellow. If there is any oxygen in the nitrogen 
used in its preparation, a dark blue sublimate is produced, which is prob¬ 
ably an oxybromide. 

No tri-iodide of rhenium is known. Biltz^^^® tried to make it from 
KgReIg by heating, as ReBrg can be made from KgReBrg. But the salt 
began to evolve iodine at 240°; no rhenium came over, and no compound 
of rhenium and iodine could be obtained. 

Complex Halides of Trivalent Rhenium 

These are all of the type M[ReX 4 ]. No fluoride complexes have been 
made: the simple ReTg is of course unknown. But the behaviour of 
rhenium trichloride in concentrated hydrochloric acid indicates that a 
complex acid is formed, and by the addition of alkaline halides the alkaline 
salts M[ReCl 4 ] can be obtained. They are red solids, giving red to yellow 
solutions. The pyridine salt (pyH) [ReCl 4 ], which is dark red, is only 
slightly soluble in water. 

The alkaline salts are readily soluble in aqueous hydrochloric acid; but 
the rubidium and caesium salts are only slightly soluble in presence of a 
large excess of the alkaline halide,^^^® so that they can be used for the 
miorochemical detection of rhenium trichloride. RbReCl 4 is a bright red 

H. Hagen and A. Sieverts, ib. 1933, 215, 111. 

1247 W. Schuth and W. Klenim, ib. 1934, 220, 193. 

1248 w. Geilmann and F. W, Wrigge, ib. 1936, 223, 144. 



1314 Orovp VII A. Trivalent Rhenium 

powder, easily soluble in water and dilute hydrochloric acid; like the potas¬ 
sium salt it is converted on heating (at 550-600®) into 

Rb2l^eCl0 ReCl3 -j- Re. 

The caesium salt is much less soluble in water and dilute acid, but other¬ 
wise behaves like the rubidium salt. KReCl 4 is much more soluble, as usual 
with a strong acid. 

Complex bromides of the similar type MfReBrJ are made in the same 
way, and show a similar behaviour. The pyridine salt has been isolated. 

DIVALENT RHENIUM 

Though this certainly exists in solution, none of its compounds have 
been isolated, at any rate in a state approaching purity. 

Solutions containing divalent rhenium are formed, as we have seen, by 
the disproportionation of complex chlorides of tetravalent rhenium: 

5 Re'v-^ 3 Re” + 2 Re'^”, 

or by boiling hydrated rhenium sesquioxide with sodium hydroxide: 

9 ^Qiii -^ 6 Heii 2 Rei'^ + Re'^”. 

Further, rhenium trichloride can be reduced^^^® with zinc and sulphuric 
acid to give a blue-violet strongly reducing solution, which evolves 
hydrogen on heating. 

The only further evidence for the existence of divalent and even of 
monovalent rhenium is a claim by Young and Irvine,that by the reduc¬ 
tion of potassium perrhenate in sulphuric acid, a black solid is formed, 
from which rhenium dioxide can be dissolved out with 12 -normal HCl, 
leaving an insoluble residue containing divalent and monovalent rhenium. 
This cannot be accepted without confirmation, especially as their products 
did not evolve hydrogen when heated with alkali, while Manchot^^^® has 
shown that a solution of divalent rhenium evolves hydrogen on boiling. 

Apart from this, there is no evidence that rhenium can exist in the 
monovalent form (except in certain carbonyls) even in solution, and none 
that either monovalent or divalent rhenium compounds can be isolated. 
For evidence of Re' in solution, see references 1251-2 

Rhenium Carbonyl Compounds 

These were recently discovered by Hieber and his co-workers, by his 
method of direct synthesis from carbon monoxide under pressure (see 
Cobalt, VIII. 1422). The simple carbonyl [Re(CO) 5]2 (the E.A.N. of the 
Re in Re(CO )5 is 85, so this complies with the rule) cannot be made 
from the metal, or from the halides Re(CO)6X by removal of the halogen, 

1249 Manchot and J. Diising, Ann, 1934, 509, 228. 

R. C. Young and J. W. Irvine, J,A,G.S, 1937, 59, 2648. 

G. E. F. Lundell and H. B. Knowles, Bur, Standards J, Res, 1937, 18, 629. 

’2*^2 J. J. Lingane, J.A,C,S, 1942, 64, 2182. 
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as they are too stable. It can, however, be made from the oxides: thus 
the reaction 

Rea07 + 17 CO = [Re(CO)6]2 + 7 COg 

goes quantitatively at 250° under 200 atm. CO ; KRe 04 reacts in the 
same way, but less easily; RegS? also gives the carbonyl with difficulty, 
along with a little of a very volatile rhenium compound, no doubt the 
hydride, which should have the formula Re(CO) 4 COH. The carbonyl is 
very insoluble, but it is dimeric (±10 per cent.) by the freezing-point in 
camphene and in cyclopentanone. [Re(CO) 6]2 forms small crystals without 
colour or smell, which are unaffected by dilute acid or alkali, but are 
attacked by hot concentrated nitric or sulphuric acid; it melts at 177° in 
a sealed tube, and above this decomposes slowly, separating rhenium. It 
sublimes easily at 140°, and combines with the halogens (with chlorine only 
with difficulty, but with bromine and iodine readily at 120°) to form the 
carbonyl halides Re(CO) 5 X. In hexane and in dioxane it has a strong 
absorption band at 3,100 obviously due to the link that holds the 

two parts of the dimer together. 

The carbonyl halides, Re(CO) 5 X, were the first rhenium carbonyl com¬ 
pounds made,^^^^® the high pressure method being used. With rhenium 
(as with iron, cobalt, and nickel, but not with molybdenum or tungsten) 
the bromide and iodide are more easily made than the chloride,^^^’ being 
formed at 200 ° under 1 atm.; they are thus more easily formed than the 
carbonyl halides of cobalt and nickel, but not than those of the platinum 
metals. All three are without smell, the iodide pale yellow and the rest 
colourless ; they are stable in air (stabler than chromium carbonyl), and 
sublime undecomposed in an atmosphere of carbon monoxide, the iodide 
at 90° and the chloride at 140°, both fairly fast; they are soluble in 
benzene and ligroin, the iodide most. This order of volatility and solu¬ 
bility is also found with the iron compounds Fe(CO) 4 X 2 , but practically 
nowhere else. On heating they do not decompose below 400°. 

Amines react with rhenium carbonyl as they do with chromium carbonyl, 
displacing CO groups, usually 2 from each Rh.^^ss reaction goes 

slowly, and only on heating (like M(CO)e, but unlike the iron and cobalt 
compounds) both with the carbonyl and with its halides. Thus the chloride 
on boiling with pyridine gives Re(CO) 3 py 2 Cl; the simple carbonyl only 
forms Re(CO) 3 py 2 at 200°. o-Phenanthroline (phn) reacts in benzene at 
120° to give Re(CO) 3 phn and Re(CO) 3 (phn)X, yellow compounds which 
crystallize well. 

All these compounds are remarkably stable. Even concentrated hydro¬ 
chloric acid does not affect the ammines, which are only broken down by 
concentrated nitric or sulphuric acid on warming. 

1258 Hieber and H. Fuchs, Z. anorg, Ghem. 1941, 248, 256. 

R. Schuh, ib. 1942, 248, 276. H. Schulten, ib. 1939, 243, 145. 

“6® Id., ib. 164. 

1257 Hieber, R. Schuh, and H. Fuchs, ib. 1941, 248, 243. 

126 8 Hieber and H. Fuchs, ib. 1942, 248, 269. 



GROUP VIII 

26 Iron 27 Cobalt 28 Nickel 

44 Ruthenium 45 Rhodium 46 Palladium 

76 Osmium 77 Iridium 78 Platinum 

T he eighth group of Mendeleeflf’s Table consists of three triads Fe, Co, 
Ni: Ru, Rh, Pd: Os, Ir, Pt. The combining of these into a single group 
is really a departure from the method adopted earlier in the Table, where 
the elements of a group are distinguished by being the same distance from 
the nearest inert gas (with appropriate modification for the elements 
following the rare earth metals). In each triad of the so-called eighth 
group we have three elements which, with this modification, have respec¬ 
tively 8, 9, and 10 electrons more than the preceding inert gas, and so it 
would be more accurate to divide the group vertically into three which 
should be called Groups VIII, IX, and X; but the convention of including 
them all in one group is too well established to be changed. We must 
recognize that the true division of this group is a vertical one, into what 
we may caU VIII. 1, VIII. 2, and VIII. 3. 

Mendeleeff’s method of collecting each set of three consecutive elements 
into a triad (which enables the 10 elements of the half-period to be fitted 
into 8 places) has over-emphasized the resemblance of the elements of a 
triad to one another, a resemblance which is not much closer than that 
between any three consecutive elements of different transitional groups, 
especially if we remember that usually the most characteristic valency of 
a group is the group valency, and that none of these elements show this 
except ruthenium in a single compound and osmium in a small number. 
The average difference in atomic weight between two consecutive elements 
in Group VIII is 2*2, in the platinum metals 2*5, and over the whole 
Periodic Table 2*6. The chemical differences between cobalt and nickel 
were sufficient to convince the nineteenth-century chemists that cobalt 
must come next after iron and before nickel in spite of its greater atomic 
weight. 

At the same time there is a marked difference between the members 
of the iron triad as a whole and the platinum metals. This is largely due 
to the fact that the first three aU form simple cations, which the elements 
of the first platinum triad scarcely do, and those of the second triad not 
at all. There is also a very marked increase in the stability of the higher 
valencies when we pass to the platinum metals. These are examples of 
tendencies which are quite general in any transitional subgroup: as the 
atomic number increases the stability of the higher as compared with the 
lower valencies increases also, while in any given valency the tendency to 
ionization grows less.* 

* The objection that thorium salts are more fully ionized than those of tetravalent 
titanium or hafnium is only apparent: an element in the group valency (as these 
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It will therefore be convenient to discuss the elements of the first (iron) 
triad separately, and then to consider the platinum metals under the sub¬ 
groups ruthenium and osmium: rhodium and iridium: palladium and 
platinum. 

The elements of Group VIII are all grejdsh-white metals with high 
melting-points and very high boiling-points; they all absorb hydrogen, and 
have marked catalytic power. The affinity for oxygen falls off in each 
triad from left to right; there is always a strong affinity for sulphur. All 
the elements form complexes readily, and some of them (for example, 
cobalt and platinum) extremely readily. Their distribution in the earth’s 
crust is peculiar, being roughly in the proportion iron: cobalt and nickel: 
platinum metals = lO"^: 10^: 1. 

The radii of these elements, and especially of the platinum metals, are 
small as compared with their atomic weights; they fall on the lowest parts 
of Lothar Meyer’s atomic volume curves. The relevant values are given in 
the following table; those of the Group IV B elements in the same Periods 
are added for comparison. 



26 Iron 

27 CobaU 

28 Nickel 

32 Qermmiium 

At. radius 

1*27 

1-25 

1-24 

1-22 

Density , 

7-85 

8-8 

8-8 

5-40 

At. vol, . 

711 

6-70 

6-67 

13-4 

M. pt. 

1,530° 

1,490° 

1,455° 

969° 

Abundance ♦ 

61,000 

40 

100 



44 Ruthenium 

45 Rhodium 

46 Palladium 

50 Tin 

At. radius 

1*32 

1-34 

1-37 

1-51 

Density . 

12'3 

12-1 

11-5 

6-62 

At. vol. . 

8-30 

8-50 

9-28 

2M 

M. pt. 

>1,950° 

1,966° 

1,557° 

232° 

Abimdance* 

0-001 

0-001 

0-01 



76 Osmium 

77 Iridium 

1 

i 78 Platinum 

82 Lead 

At. radius 

1-34 

1-36 

1-38 

1-76 

Density . 

22-5 

22-4 

21-4 

11-34 

At. vol. . 

8-45 

8-62 

9-12 

18-3 

M. pt. 

2,500° 

2,464° 

1,774° 

327° 

Abundance ♦ 

0-001 

0-001 

0-005 



♦ Parts per million (g./ton) in the earth’s crust. 


Before we come to the separate sections of the group it may be useful 
to give a brief table indicating the relative importances of the various 
valencies for each element (N = commonest: N = next most stable: 
N = definite but few: (N) = doubtful); monatomic ions only occur in the 

are) is not in the transitional state; its ion has the inert gas number, and so it obeys 
the simple Fajans rules, which require the ionization to increase with the atomic 
number. A second objection, that tetravalent uranium ionizes well, while tetra- 
valent molybdenum and txmgsten do not, has lost its force now that we realize that 
uranium is an actinide or uranide element. 
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first triad. Peculiar valencies confined to carbonyl and nitrosyl com¬ 
pounds are omitted. 


Iron 

( 1 ) 2 ion 3 ion 

2 covt. 3 covt. 6 covt. 

Cobalt 

2 ion 3 ion (4) 

2 covt. 3 covt. 

Nickel 

0 1 1 (3) 

Ruthenium 

Rhodium 

Palladium 

2 § 4 .5 6 7 8 

(2) 3 4 or 5 

(1) 1 3 4 

Osmium 

Iridium 

Platinum 

2 3 1 6 8 

(1) 2 3 4 5 6 

(1) 1 3 4 ( 6 ) 


The formulae of the various binary fluorides of this group (given by 
Ruff) show clearly how the stable valencies rise as we go from right to 
left and as we pass in any section from the lighter to the heavier elements. 


FeF, 

C 0 F 3 


FeF, 

CoFj 

NiF, 

RuP's 

RhF4_3 


OsFg 

RhF, 

PdF3 

PdFjj 

OsF, 

IrF. 


OsFi 

IrF, 

PtF 4 
PtFg ? 



IRON TRIAD: IRON, COBALT, NICKEL 

All these elements, like their predecessors in this period, chromium and 
manganese, are metallic in character, and give a series of definite salts in 
their lower valencies, especially in the divalent state, which is reasonably 
stable with all three elements, and becomes more so as we go from left to 
right: with iron the divalent state is more stable in the ionized form, with 
cobalt it is far more stable except in the complexes: with nickel the triva- 
lent form is very rare. Valencies higher than 3 are relatively unstable with 
all three elements. The chief properties of these three elements in their 
various valency states may be briefly summarized as follows. 

Iron 

Valency = 0 . Fe(CO) 5 : (not in the other carbonyls). 

Valency = 1. Uncertain: may exist in solution. 

Valency — 2 . Fe(OH )2 colourless, basic. Salts many, pale green, usually 
soluble in water. More stable than the trivalent state when ionized, less 
when covalent. Hydroxide a strong reducing agent; in presence of 
platinum it reduces water at 200 °. Ferrous fluoride insoluble, other halides, 
as also nitrate and sulphate, soluble. 

Complexes, Co-ordination number usually 6 for the cations, rarely 6 for 
the anions, except in the ferrocyanides. Ammines (co-ordination numbers 
6 and 2 ) rather unstable; complex halides formed with F 3 and F 4 : CI 3 and 
CI 4 (one Clg): no bromides or iodides. Cyanogen complexes are very 
stable; they all have the co-ordination number 6 , and are of two types, 
M 4 [Fe(CN)g] and Mj^[Fe(CN) 5 X]: the former, though covalent ferrous 
compounds, are only slowly oxidized by air in presence of acid. In the 
latter series X may be HgO, NH 3 , SO3, NOg, CO, NO: the last gives the 
nitroprussides M 2 [Fe(CN) 5 NO], in which the iron is really divalent. 

Valency ~ 3. Fe(OH )3 is basic and slightly acidic, giving ferrites 
M[Fe 02 ]. The trivalent state is more stable when covalent. The Fe'" ion 
is reduced to ferrous by hydrogen in presence of a platinum catalyst. The 
salts are numerous, usually soluble in water, and much less hydrolysed 
than the ferrites (i.e. Fe(OH )3 is much weaker as an acid than as a base). 
Fluoride very slightly soluble. Chloride soluble, bromide doubtful, no 
iodide. Ferric nitrate and sulphate soluble. 

Complexes are nearly aU anions. Stability of the halides is in the order 
F,C1 > Br: no iodides. Co-ordination numbers of these are F 4 , F 5 (the 
commonest, usually with HgO), Fg.* CI4, Clg (HgO), Clg, few CI 7 : Br few, 
4, and 5. M 3 [Fe(CN)g] not quite so stable as the ferrous. Pentacyano- 
form with the ion [Fe"'(CN) 5 X] occurs: X can be OHg, NH3, or NO 2 , but 
not SO 3 , CO, or NO. Oxalato-complexes, 4 and 6 -covalent, occur. 

Valency = 4. Only in Fe 2 (CO) 9 . 

Valency = 6 . This occurs in the ferrates M 2 [Fe 04 ] made by oxidizing 
iron with potassium nitrate, or ferric hydroxide with chlorine or bromine, 
but only in alkaline solution. Red: isomorphous with M 2 SO 4 , etc.: strong 
oxidizing agent: acids convert it into the ferric state with liberation of ozone. 

6114.2 H h 
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Group VIII. Iroriy Cobalt^ Nickel 
Cohalt 

Valency = 1. Co(CO) 3 NO. 

Valency = 2. This is the stable state for the simple ion when not 
co-ordinated to anything but water. Forms the oxide CoO; Co(OH )2 has 
some acidic character, giving cobaltites, probably of the type MgCoOg. 
CoS and CoFg slightly soluble, most other salts halides, nitrate, sulphate, 
formate, acetate, etc., soluble. 

Complexes, These are relatively speaking few and unstable. Ammines 
of co-ordination numbers 6, 4, and 2 are known: they are not very stable, 
being decomposed by water (except the ‘en’ complexes) and oxidized by 
air. Among the complex halides the co-ordination number of 4 is the 
commonest, but 3, 5, and rarely 6 occur. The chlorides are the most 
numerous, then the bromides, and there are a few fluorides. The cobaltous 
cyanides M 4 [Co(CN) 6 ] are very unstable, and are oxidized by air to 
cobaltic. Other unstable complexes are M2[Co(N02)4], M 2 [Co(S 04 ) 2 ], and 
M,[Co(C,OJ2]. 

Valency = 3. The simple trivalent cobaltic ion is excessively unstable; 
almost the only apparently simple salts that are known are the fluoride, 
sulphate, and acetate, and these are probably reafly complex. The oxide 
and sulphide occur. The trifluoride CoFg forms various hydrates; it 
evolves fluorine in the dry state at 250°, and gives off oxygen briskly from 
cold water; no trichloride has been isolated. The sulphate 002 ( 804 ) 3 , 
18 H 2 O soon evolves oxygen in water; it forms alums, which also are 
decomposed by water. The acetate is trimeric in acetic acid, is stable in 
water, but evolves chlorine with hydrochloric acid. 

Complexes, The complexes of trivalent cobalt are as numerous as 
those of any element, even trivalent chromium or tetravalent platinum. 
The co-ordination number is always 6 . The structures are subject to 
curious limitations. The ammines can have up to 3 of the 6 amine groups 
(but no more) replaced by water, giving the trivalent cations 

[Co(NH3)e]: [Co(NH 3 ) 40 H 2 ]: [Co(NH3)4(OH2)2]: [Co(NRMORM : 

the stability diminishes as the amount of water increases. In these 
ammines up to three of the NH 3 groups can be replaced by OH, F, Cl, Br, 
I, — ^N= 0 , nitrosyl, NO 2 , NO3, CN, CO3, SO3, SO4, S2O3, oxalato- and 
other radicals. 

But it is remarkable that trivalent cobalt, unlike all other trivalent 
metals, and even unlike divalent cobalt, forms no pure complex hahdes 
such as M[CoX 4 ] or M 3 [CoX 0 ]; there are never more than three of the 
NHg groups replaced by halogens, so that the halide complex is always 
either cationic or neutral. The behaviour of the cyanide group is the exact 
opposite. The hexacyanide M 3 [Co(CN)s] is very stable; the pentacyanide 
ion [Co(CN) 5 X] probably occurs also, but no cyanide complexes are known 
with less than 5 CN groups. The hexacyanides M 3 [Co(CN)e] are more 
stable than the corresponding salts of trivalent chromium, manganese, or 
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iron: thus like ferrocyanides but unlike ferricyanides the calcium salt is 
not poisonous. 

The SO4 group is like the halogemc only one will enter the complex: 
the carbonato-group behaves in the same way. On the other hand, the 
SO3 and oxalato-groups give the pure types M3[Co(S03) 3] and M3[Co(C204) 3]. 

Valency = 4. Nearly all the supposed compounds of this kind are 
doubtful or have been shown not to exist. But there is one class of com¬ 
pounds which Werner supposes to contain tetravalent cobalt. These are 
the dark green peroxides of the formula [(NH3)6Co—02Co(NH3)6]X5. 

Nickel 

Valency = 0. This occurs in nickel carbonyl Ni(CO)4, in the nitrosyl 
compound K2[Ni(CN)3NO], and in K4[Ni(CN)4]. 

Valency = 1. This only occurs in the complex salts M2[Ni(CN)3], and 
perhaps in the simple cyanide NiCN. This forms red flocks which dissolve 
in potassium cyanide to form the above complex. A solution of M2Ni(CN)4 
when reduced by sodium amalgam in an atmosphere of hydrogen gives a 
red solution of the complex salt, which is intensely coloured; it evolves 
hydrogen slowly in the cold and also precipitates metallic nickel. 

Valemy = 2. This is by far the commonest valency of nickel. All the 
simple salts are jf this valency, the oxide, sulphide, all four halides, 
cyanide, carbonate, nitrate, sulphate, etc. 

Complexes. They are about as stable as those of divalent iron, cobalt, 
or copper, but much less than those of trivalent cobalt. The ammines are 
’fery various, but mainly 6-covalent. They are slowly hydrolysed by water, 
but the ethylene diamine compounds are not, and are much more stable. 
Of the complex halides, the fluorides are mainly F4, but some F3: the 
chlorides are mainly CI3, but some CI4; complex bromides and iodides are 
formed, but they have not been isolated. 

The NO2 complexes are all 6: the cyanides all 4. These cyanides 
M2[Ni(CN)4] are especially stable, and have been shown to be planar. 
Their solutions give no reactions for nickel, not even with sodium 
sulphide. 

There are various very stable dichelate complexes, linked through two 
nitrogens, or an oxygen and a nitrogen; the best known is the dimethyl- 
glyoxime compound, used for the estimation of nickel, of which a litre of 
water will only dissolve 0-2 mg. when cold and 1-2 when hot. 

Valency — 3. The occurrence of this valency with nickel is uncertain; 
if it occurs anywhere it is in the oxide Ni208 and its hydrates, which 
resemble C02O3 and its hydrates in many ways. 



IRON 

Ibon is the fourth most abundant element in the earth's crust, coming 
after oxygen, silicon, and aluminium; it amounts to 5-1 per cent. (V. M. 
Goldschmidt). 

Its great technical importance has led to an immense amount of 
investigation, especially of the methods of preparation of the metal, and 
of its most mechanically valuable alloys, including those with carbon. Most 
of this work does not concern us here, but some of the main points may.be 
briefly mentioned. 

The chief native ores of iron are the oxides (magnetite Fe 304 , haema¬ 
tite FcgOg, etc.), the carbonate (siderite FeCOj), and the sulphides, 
especially pyrites FeSg. The methods of preparing the metal from the ore 
always involve its reduction by carbon. The properties of the metal so 
obtained depend (1) on its previous treatment, which determines the size 
and in some cases the nature of the crystals present, (2) on the carbon 
content, and (3) on the other elements present. 

In its compounds iron is nearly always either divalent or trivalent. 
The hydroxides Fe(OH )2 and Fe(OH )3 are basic in character, but the latter 
is also feebly acidic, and with alkalies can form the unstable ferrites 
M[Fe02]. Scheele was the fiist man to realize that iron can form two dis¬ 
tinct series of salts, the ferrous and the ferric, and Lavoisier in 1782 
recognized that the corresponding oxides contain different proportions of 
oxygen. 

Both ferrous and ferric salts are as a rule readily soluble in water, excep¬ 
tions being ferrous fluoride FeFg, and the oxides, hydroxides, sulphides, 
carbonates, and phosphates. Both series, but especially, as we should 
expect, the ferric, give numerous complexes. 

The salts of iron have a remarkable power (shared to some extent by 
other elements, especially of the eighth group) of combining directly with 
carbon monoxide and with nitric oxide. 

Iron has also, like the transitional elements in general, but in an 
exceptionally high degree, the power of acting as a catalyst, both homo¬ 
geneous and heterogeneous; this is especially true with oxidations, for 
example, of arsenites, phosphites, or sulphites, or of hydrogen peroxide 
(to oxygen and water); iron salts hasten the oxidizing action of hydrogen 
peroxide, of nitric acid, of dichromates or permanganates: they promote 
the synthesis of ammonia from its elements, its oxidation to nitric acid, 
and that of sulphur dioxide to the trioxide. A full account of these and 
many other reactions which are promoted by iron compounds is given in 
Abegg's Handbuch} 

Compounds of iron are of fundamental importance to living organisms,^ 
vegetable as well as animal, being required mainly but not solely to pro¬ 
mote oxidation. 

The human body contains about 0-005 per cent. (3-4 g.) of iron, about 

1 Abegg, Eiseyi, B. 676-754 (1936). 

® See A. Reid in Abegg, ib. 756-66 (1936). 
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three-quarters of it in the form of haemoglobin, which transports the oxygen 
of the air to the tissues; about a decigram of iron is excreted by a man 
every day, and this quantity must be made up from the food, or deficiency 
diseases, mainly anaemia, will set in. The lower animals, and also nearly 
all plants, contain iron in about the same proportion; its presence is 
necessary to the production of chlorophyll, though it does not seem to be 
a constituent of it. 

Most of the iron is contained in the porphyrins, which are essentially 
built up of four p 3 rrrol residues joined into a ring by four CH groups; the 
(ferrous) iron is attached to the nitrogen, usually in the form 


I I 

—N N- 


Fe 

-N N- 

II II 


The poisonous action of carbon monoxide on animals is of course due to 
its combining with the haemoglobin (for which it has a much stronger 
affinity than oxygen has), and making it unable to act as a carrier of 
oxygen, thus causing cyanosis. 

It is remarkable that various fermentations are arrested by carbon 
monoxide, and alcoholic fermentations by nitric oxide, both gases which 
combine readily with iron; in these fermentations the presence of por¬ 
phyrin-bound iron has been shown to be essential. 


Metallic Iron 

Pure iron is a rather soft metal, softer than any other metal of the whole 
group except nickel and platinum. It occurs in four different solid forms, 
the transition points being: 

a -^ -> 7 -^ S -liquid -5^ gas 7 eo mxn. 

770*=’ 928° l,4ir 1,530° 3,235° 

The relations of the solid forms (which are known as ferrites) are very 
peculiar, a, /8, and 8 all have the same crystal lattice; a is ferromagnetic; 
when it is transformed into )3 the ferromagnetism disappears, but the 
lattice remains unchanged; hence, this is not, properly speaking, a phase 
change at all, and accordingly the a and jS forms are both commonly 
included under the name of a-ferrite. The change of ^ to y (or of a-ferrite 
to y-ferrite) at 928° involves a change of lattice and is a true phase change; 
so is that of y to 8 at 1,411°, but the crystal lattice of the S-form is the same 
as that of the a and j8. 

Iron forms a series of alloys, which are of more importance to human 
life than those of any other metal, as is shown by the name of Iron Age 
given to the latest stage of prehistoric development. Of these the allo^’^s 
with carbon (steel, cast iron) are the most important, and are briefly 
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discussed in the next section. Chemicallj^ iron is a very active metal, 
being readily attacked by a variety of substances, especially oxygen and 
oxidizing agents. 

Iron and Carbon Alloys 

The phase-rule diagram for the system iron—carbon has been worked 
out on the iron side in great detail.^^ 

Pure iron (i.e. 8-ferrite) melts at 1,530°, but the liquid will dissolve 
carbon, and the melting-point is thereby depressed down to a eutectic at 
1,125°, where the liquid is in contact with the two solids, austenite, which 
is a solution of 1-8 per cent, of carbon in y-ferrite, and cementite FcgC, 
the only carbide of iron that can be isolated ; this has a very complicated 
crystal structure.^*® Each C atom is at the centre of a distorted trigonal 
prism, with the Fe—C distances varying from 1*89 to 2*15 A. 

On further cooling the austenite separates out some cementite and 
becomes poorer in carbon, and then at about 700° it breaks up into a 
eutectic mixture of a-ferrite (i.e. pure iron in the a-form, which dissolves 
no carbon) and cementite; this eutectic mixture is known as pearlite. All 
the forms of iron and steel are made up of these materials, their mechanical 
properties depending not only on the nature and the proportions of the 
phases, but also on the size of the crystals of which the solid is composed. 

Other Alloys of Iron 

The properties, and especially the mechanical properties, of iron are 
greatly affected by the presence of small quantities of other substances. 
The most important of these, as we have seen, is carbon, of which all 
ordinary technical forms of iron contain a certain amount. Wrought iron 
or malleable iron is the purest (and hence the least fusible) form, and 
usually has less than half a per cent, of carbon; cast iron, which is the 
richest in carbon and the most fusible, and is brittle when cold, contains 
up to 4-5 per cent, of carbon, partly in the form of enclosures of separated 
graphite. 

Besides these fundamental forms there are numerous alloys of steel 
with other elements which are used for special purposes; these may con¬ 
tain, in addition to carbon, any of the elements manganese, nickel, 
chromium, tungsten, silicon, vanadium, molybdenum, and cobalt. Thus 
the steel which is used for springs may have from 1 to 2*5 per cent, of 
silicon; manganese steels (up to 10 per cent. Mn or more) are very elastic 
and very durable, and are used for railway axles; invar, which has only 
a very small expansion with heat, and is used for the pendulums of clocks, 
has a large proportion (up to 36 per cent.) of nickel; steel containing 45 per 
cent, of nickel has the same coefficient of expansion as glass, and can be 
sealed into it like platinum. ‘High-speed tool steel’, containing about 4 
per cent, of chromium with some tungsten and vanadium, retains its 

• See, for example, Findlay, Phase Rule,, ed. 7, 1931, p. 138. 

* H. Lipson and N. J. !l?etch, J, Iron aahd Steel Inst, 1940, 142, 95. 

» Wells, S,I,C„ p. 568. 
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hardness up to high temperatures; with tools made of this material it is 
possible to cut metal at a high speed without fear of the tool being softened 
by the heat evolved. Stainless steel usually has a high chromium content 
(up to 18 per cent.), and some nickel. 

Iron and Hydrogen 

Iron, like all the metals of Gp. VIII, has the power of absorbing hydrogen, 
as was discovered by Deville and Troost in 1863. Ordinary commercial 
iron may contain from one-tenth of its volume to its own volume of the 
gas. The solubility of hydrogen in pure iron at equilibrium, in c.c. of 
the gas at N.T.P. per c.c. of iron, is® 0*1 at 600° C., 0*4 at 1,000°, and at the 
melting-point (1,630°) about 1*0 in the solid and 2*0 in the liquid: the heat 
of solution in the liquid is 13*3 k.cals./H. Atomic hydrogen, produced in 
the gas by a glowing tungsten spiral, readily diffuses through an iron sheet 
at room temperature,’ It is possible electrolyticaUy to get a metastable 
concentration of hydrogen in iron that is much higher than this, from an 
acid solution as much as 35 c.c. per c.c. of iron (this corresponds to a 
formula Fe 45 H). 

Weichselfelder® claims to have obtained, by the action of phenyl 
magnesium bromide on ferrous and ferric chloride, a black powder FeHg 
and a black oil FeHe, both unstable; but this has not been confirmed. 

Iron and Carbon 

Iron carbide has already been discussed (p. 1324). Iron forms no alkyls or 
aryls, but ferrous chloride gives with phenyl magnesium bromide a nearly 
quantitative yield of diphenyl, which may be due to the intermediate 
formation of an unstable iron phenyl.® The only other Fe—C compounds 
are the large series of cyano-derivatives, which are discussed later (ferrous, 
p. 1335; ferric, p. 1358), and the carbonyls (p. 1369). 

Iron and Nitrogen^^ 

Metallic iron will absorb nitrogen, but only at high temperatures (above 
800°, and especially above its melting-point) and in small quantities; the 
amount depending on the condition, and especially the carbon content, of 
the iron. 

On the other hand, ammonia reacts very readily with iron on heating, 
and causes it to take up as much as 11*1 per cent, of nitrogen, corresponding 
to the formula FegN. 

• See especially A. Sieverts and W. Krumbhaar, Ber. 1910, 43, 893; A. Sieverts, 

Elektrochem, 1910, 16, 707; M. H. Armbruster, J.A.C.S. 1943, 65, 1043. 

’ J. H. de Boer and J. D. Fast, Bee. Trav. 1939, 58, 984. 

* T. Weichselfelder and B. Thiede, Ann, 1926, 447, 64. 

® H. Gilman and M. Lichtenwalter, J,A,C,S, 1939, 61, 957. 

10 Gmelin, Eiam, B. 137-66 (1929), 
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Of the various nitrides of iron described in the literature, the only two 
which may be considered definite compounds are FcgN and re 4 N. 

FcgN (11-1 per cent, of nitrogen)^^"^^ is made by passing ammonia at 
400° to 500° over iron or its chlorides or oxides. It is a grey substance 
looking not unlike powdered iron; it forms hexagonal crystals. Its indi¬ 
viduality has been established by X-ray analysis. 

If it is heated in a vacuum to temperatures not above 600° it loses half 
its nitrogen to give the lower nitride Fe 4 N (see below), the decomposition 
beginning about 440°. Above 600° the dissociation goes farther, and at 
800° only about 0*28 per cent, of nitrogen remains.The nitride is oxidized 
by air at about 200°, catches fire in chlorine, and dissolves in dilute hydro¬ 
chloric acid to give ferrous and ammonium chlorides, with evolution of 
hydrogen. Water has little effect on it even at 100°, where there is a very 
slight evolution of hydrogen. 

The lower nitride Fe 4 N (5*9 per cent, nitrogen) remains behind when 
Fe 2 N is heated in vacuo to 440-550°.^^^^ It is shown by its X-ray pat- 
tern^^^"**^®"^® to be a definite individual. By 800° it loses nearly all its 
nitrogen. In its general properties it resembles FogN. 

The X-ray results show clearly that these are two definite chemical 
individuals, but they do not throw much light on the nature of the link¬ 
ages which they contain. 

The formation of these nitrides is of technical importance owing to 
the use of oxides of iron as catalysts in the synthesis of ammonia from its 
elements; the oxides are no doubt reduced by the hydrogen and converted 
into nitrides. In practice the oxides must be 'activated' by admixture, 
usually with other less reducible oxides such as alumina. Under these 
conditions it has been shown^® that the nitrides (which contained 5-11 per 
cent, of nitrogen, i.e. from Fe 4 N to FcgN) decomposed at temperatures up 
to 600° with a heat of activation of about 10 k.cals. The alumina did not 
alter the activation energy, but it increased the effective surface 5 times, 
apparently by preventing the recrystallization of the iron into larger 
particles, which otherwise happens at 400-500°. This conclusion was con¬ 
firmed by an X-ray examination of the materials,^^ and is in agreement 
with the results of previous workers. 

G. J. Fowler, J.C.S. 1901, 79, 285. 

1* G. J. Fowler and P. J. Hartog, ib. 299. 

1® A. Osawa and S. Iwaizumi, Z. Krist. 1929, 69, 30. 

1^ G. Hagg, Naturef 1928, 122, 962. 

1^ N. Tschischewski, J. Iron Inst, 1915, 92, 58. 

1* G. Charpy and S. Bonnerot, G.R. 1914, 158, 996. 

i’’ A. Fry, Stahl u. Eisen, 1923, 43, 1272. 

1* G. Hagg, Nature, 1928, 121, 826. 

1® R. Brill, Naturwiss. 1928, 16, 593; Z, Krist, 1928, 68, 379. 

N. I. Kobosev, B. W. Jerofejev, and S. I. Sluchowsky, Z. Elektrochem, 1936, 
41, 274. 

*1 G. L. Natanson, Z, Elektrochem, 1935, 41, 284. 

•* R, Wyckoff and E. Crittenden, J,A,C,S, 1925, 47, 2866; A. Mittasch and E. 
Keunecke, Z, Elektrochem, 1932, 38, 666; R. Brill, ib., 669. 
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Iron and Phosphorus^ 

With a tin-iron alloy phosphorus under pressure forms an unstable 
black compound of the composition FeP 2 . 57 ; X-ray diagrams give no signs 
of compounds FePg 

Monovalent Iron 

This has never been isolated, except in certain nitrosyl compounds 
(p. 1372): but Treadwell and Huber^^ say that after cyanide complexes 
containing Fe'', Co", and Ni" had been reduced electrolytically in the 
presence of potassium cyanide, electrometric titration of the product with 
K 3 [Fe(CN) 6 ] showed a 95-7 per cent, yield of the monovalent Fe, Co, 
and Ni. 

FERROUS COMPOUNDS 

The great majority of the compounds of iron are either ferrous, with an 
atomic core of effective atomic number 24 = 2.8.14, or ferric, with a core 
of 23 = 2.8.13. The ferrous compounds are more stable (especially in air) 
in the ionized state and the ferric in the covalent. 

Ferrous compounds are formed either from the metal or by the reduc¬ 
tion of the ferric. Acids, even reducible acids like nitric or perchloric, if 
they are dilute, dissolve iron without being reduced by it, and form ferrous 
salts. In its direct combination with other elements iron sometimes (for 
example, with iodine, sulphur, selenium, etc.) stops at the ferrous stage, 
but with other more active elements like fluorine and chlorine it goes on 
to the ferric: with these last the ferrous salt can be made by treating the 
metal with the halogen hydride such as HCl or HF. 

The ferrous ion in solution is pale green, almost colourless, and most of 
the hydrated-salts have the same colour; the ion has, however, a strong 
absorption in the infra-red at about 10,000 A. The salts are often isomor- 
phous with those of other divalent elements, and resemble them in their 
solubilities, the halides, nitrate, sulphate, and thiosulphate being soluble, 
and the hydroxide, sulphide, phosphate, and oxalate relatively insoluble. 

The E.M.F. of a platinum electrode in a solution containing equal 
amounts of ferrous and ferric ions is 0-75 volt higher than that of the 
normal hydrogen electrode, showing that the ferric ion is reduced by 
hydrogen to the ferrous; this reduction is, however, found in practice not 
to be complete except in the presence of colloidal platinum as a catalyst.^^ 

The conditions of interconversion of ferrous* and ferric compounds are 
discussed in more detail later (p. 1348). 

Ferrous Oxide, FeO 

The oxide scale formed on iron that has been heated to a high tempera¬ 
ture in air consists of three layers, ferrous oxide, FeO; magnetic oxide, 

28 M. Heimbrecht and W. Biltz, Z. anorg. Ghent. 1939, 242, 233. 

W. D. Treadwell and D. Huber, Helv. Chim. Acta. 1943, 26, 10, 

25 C. Fredenhagen, Z. anorg. Ghent. 1902, 29, 405. 
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^ 6304 ; and ferric oxide, FcgOg. Ferrous oxide is not produced below 575°; 
but above that temperature it can be made the sole product if the pressure 
of oxygen is kept low enough. 2 ®»27 The oxide can also be made by heating 
ferrous oxalate; it is then obtained as a fine black powder, which is pyro¬ 
phoric and decomposes water; on strong heating this loses its reactivity, 
being converted into a less finely divided form. 

Some contradictory statements have been made about ferrous oxide, 
because it is not a stable substance,^® but changes slowly into a mixture 
of the magnetic oxide Fe 304 and metallic iron. Hence the oxide FeO can 
only be made by heating iron under the right pressure of oxygen to a 
temperature above 575°, and then chilhng it to a temperature at which 
this change is practically stopped. WyckofF,^® who examined the crystal 
structure, made the ferrous oxide by saturating the fused magnetic oxide 
^^ 3^4 with iron, powdering the mass, and then separating the ferrous 
oxide magnetically from the excess of iron. 

Ferrous oxide FeO is a black substance melting about 1,360°. It is not 
magnetic when pure, and it has a sodium chloride lattice, suggesting that 
the solid is ionized. 


Ferrous Hydroxide^ Fe(OH)2 

This is obtained as a white precipitate when a solution of a ferrous salt 
in air-free water is treated with alkali, but the precipitate is only white if 
oxygen is absolutely excluded.^® It very readily absorbs oxygen from the 
air, and becomes first a dirty green, then black, and finally is converted 
into the reddish-brown ferric Tiydroxide Fe(OH) 3 . In presence of excess 
of alkali the oxidation stops at an intermediate stage, with the production 
of a black substance containing both ferrous and ferric iron, which may 
well be ferrous ferrite Fe"[Fe"' 02 ] 2 -^^ That an intermediate" oxide should 
be darker in colour than either of the extreme forms is a common experi¬ 
ence (compare cerium). 

Ferrous hydroxide, like the oxide, is an unstable substance, and changes 
slowly, even in the cold, to Fe 304 , water, and hydrogen.^^"^ 

Ferrous hydroxide is a fairly strong diacid base. Its acidic properties 
are very weak: its tendency to form the ‘ferroates’ M 2 Fe **02 is very small, 
but in the anodic oxidation of iron in presence of concentrated alkali a 

T. limori, Nature, 1937, 140, 278. 

L. S. Darken and R. W. Gurry, J.A.C.S. 1946, 68, 798. 

H. Forostier, Ann, Chim, 1928, [10] 9, 316. 

** R. W. G. Wyckoff and E. Crittenden, J,A,C,S. 1925, 47, 2876; Z. Krist, 1926, 
63, 144. 

O. Baudisch, Ber, 1938, 71, 992, gives directions for preparing perfectly white 
ferrous hydroxide by precipitating a solution of ferrous hydrogen carbonate 
Fe(HC08)„ made from iron powder and carbon dioxide solution, with guanidine 
carbonate in presence of potassium nitrate free from nitrite. 

A. Krause, Z, anorg. Chem, 1928, 174, 146. 

R. Fricke and S. Rihl, Naturwias. 1943, 34, 326. 

*• Id., Z, anorg, Chem, 1943, 251, 414. 
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green solution can be obtained, which may probably contain a salt of 
this kind.®^ 

In contrast to the relatively stable ferrous ion, the hydroxide is a strong 
reducing agent; it is not quite strong enough to reduce water at the 
ordinary temperature, but if it is heated with water to 200® in presence of 
palladium as a catalyst it decomposes it with evolution of hydrogen. 

If ammonia is added to a solution of a ferrous salt the hydroxide is 
only incompletely precipitated, and in presence of an ammonium salt it 
is not precipitated at all. The conclusion that ferrous hydroxide, like 
magnesium hydroxide, has a relatively high solubility product is not quite 
true: for Fe(OH )2 it is 3 X 10~^^, which is 1/300 of that of Mg(OH )2 (10~^^); 
a saturated solution of ferrous hydroxide in pure water contains about 
6 mg. to the litre at 20®. The imperfect precipitation of the hydroxide by 
ammonia is at least in part due to the formation of ammines of the ferrous 
ion: if a ferrous solution containing excess of an ammonium salt is treated 
in complete absence of air with gaseous ammonia, the first few bubbles 
produce a white (or usually a greenish-white) precipitate of the hydroxide, 
which redissolves (like a precipitate of cupric hydroxide) when more 
ammonia is passed in.^® 

Ferrous Sulphide, FeS®® 

The only solid phases found in the investigation of the system iron- 
sulphur were iron, FeS, FeS 2 , and sulphur. 

Ferrous sulphide can be made by fusing the elements together, when 
they combine with the evolution of enough heat to melt the iron. This 
method is used on the large scale in making ferrous sulphide for the 
production of hydrogen sulphide. The product so obtained generally con¬ 
tains an excess of one or other constituent, both of which form solid 
solutions with it; to prepare the pure sulphide a slight excess of sulphur 
is used, and this excess is then distilled off; the pure compound may also 
be made^’ by passing a mixture of hydrogen sulphide with excess of 
hydrogen over ferric oxide at 950-1,050®. 

Ferrous sulphide is ordinarily a dark grey or brown solid, but when 
quite pure it forms colourless crystals, melting at 1,193°.®® It is trimor- 
phic,®® with transition points at 135® end 325®. It is identical with the 
mineral pyrrhotite, which, however, usually is deficient in iron. It has the 
nickel arsenide lattice.^® 

i*’ 

Ferrous sulphide can also be made in the wet way by the action of 
ammonium or alkaline sulphide on a ferrous solution (hydrogen sulphide 
only precipitates it very imperfectly if at all) when it comes down as a 

G. Grube and H. Gmelin, Z. Elektrochem. 1920, 26, 469. 

E. Weitz and H. Muller, Ber. 1926, 58, 363. 

See Abegg, Eisen, A. 644, 649 (1938); Gmelin, ib. B. 346 (1930). 

J. V. Kariakin, J, Appl. Chem, Rttss. 1938, 11, 1676. 

R. Loebe and E. Becker, Z. anorg. Chem, 1912, 11, 306. 

H. Haraldsen, Z, Elektrochem, 1939, 45, 370, 

V. M. Goldschmidt, Ber, 1927, 60, 1286; Trans, Far. Soc. 1929, 25, 274. 
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black precipitate which on prolonged washing goes over into the colloidal 
form. 

Ferrous sulphide is almost insoluble in water, with a solubility product 
of about 4x at 20°^^ (about 6x 10"^ mg. per litre). 

When heated in a vacuum ferrous sulphide dissociates into iron and 
sulphur, the dissociation beginning at 1,100° and being complete at 1,600°. 
It is very readily oxidized when moist by air with the separation of 
elementary^ sulphur and the liberation of much heat, the iron being con¬ 
verted into Fe 304 or at a red heat into ferric oxide. It may even catch fire 
when ground in a mortar. It reacts with water on boiling to give hydrogen 
and sulphuric acid. It is readily soluble in dilute mineral acids, with the 
evolution of hydrogen sulphide and the j)roduction of a ferrous salt. 

Iron Pyrites^ Marcasite^ FeSg 

Owing to its high sulphur content this is commonly discussed among the 
ferric compounds, but it is really ferrous, the salt of the anion [Sg] . 

It occurs in nature as marcasite (rhombic) and pyrites (regular); pyrites 
is at all temperatures the more stable. It is found especially in SW. Spain, 
and is an important source of sulphur as well as iron; about 7 million tons 
are used per annum. 

Pyrites was one of the first crystals whose structure was examined by 
the Braggs by means of X-rays.^^ The lattice is not unlike that of sodium 
chloride, the sodium atoms being replaced by iron, and the chlorine by 
pairs of sulphur atoms 2-10 A.U. apart (theory S—S 2*08 A).^^ The mar¬ 
casite lattice is on the whole very similar: the S—S distance is 2-21 A.U., 
and the Fe—S 2*24.“*^ The repulsion of the negatively charged sulphur 
atoms in [S—S] may be expected to drive them farther apart. 

In a vacuum pjTites begins to give off sulphur at about 600°. The 
behaviour of the system iron—sulphur from the composition FeS to 
FeSg^^® indicates no definite molecular species between FeS and FeS 2 
(certainly not Fe 2 S 3 ), but each of these two has a limited solid solubility 
in the other. 

Chemically, pyrites is extremely inactive at the ordinary temperature, 
and is scarcely attacked by anything, but on heating it reacts with many 
substances. It burns in air to ferric oxide and sulphur dioxide; hence its 
use for making sulphuric acid. 

Marcasite is rather more reactive than pyrites, owing to its greater 
energy content; it changes into pyrites on heating. 

L. Bruner and J. Zawadski, Z. anorg, Chem. 1909, 65, 143; 1910, 67, 454. 

W. H. and W. L. Bragg, Proc. Boy. Soc. 1913, 88, 428; 89, 468. For later work 
see W. L. Bragg, Phil. Mag. 1920, [6] 40, 169; H. M. Parker and W. J. Whitehouse, 
ib. 1932, [7] 14, 939. 

L. Pauling and L. O. Brockway, J.A.C.S. 1937, 59, 1234. 

** M. J. Buerger, Z. Krist. 1937, 97, 604. 

« F. de Rudder, Bidl. Soc. 1930, [iv] 47, 1226. 

R. Juza and W, Biltz, Z. anorg. Chem. 1932, 205, 273. 
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FERBOXJS HALIDES 

Ferrous Fluoride^ FeFg 

The direct action of fluorine on iron gives rise to the ferric compound. 
Anhydrous ferrous fluoride can be made^’ by reducing the trifluoride with 
hydrogen, by the action of hydrogen fluoride on iron at a high tempera¬ 
ture, or by treating anhydrous ferrous chloride with fluorine in the cold. 
The hydrated form (at first supposed to be an octohydrate, but more prob¬ 
ably a tetrahydrate)^® can be made by dissolving iron in aqueous hydro¬ 
fluoric acid ; the hydrate, which hke the anhydrous salt is only shghtly 
soluble in water, can be dehydrated by heating in a stream of hydrogen 
fluoride. 

Anhydrous ferrous fluoride FeFg consists of white tetragonal crystals 
with a rutile lattice; it boils at about 1,100°, and melts very little below 
this temperature. It is only slightly soluble in water, and is insoluble in 
alcohol, ether, and benzene. It gives no visible reaction with bromine, 
iodine, or sulphur, but reacts with great violence when heated with such 
metals as sodium, magnesium, aluminium, or zinc. With hydrogen it is 
stable up to 400°, at which temperature it can be produced by passing a 
stream of hydrogen over ferric fluoride FeFg, but at a red-heat hydrogen 
reduces it to metallic iron. 

It forms a series of complex salts (see later, p. 1348). 

Ferrous Chloride^ FeCl 2 

The anhydrous salt can be made by the action of hydrogen chloride on 
iron at temperatures not above a red heat, or by reducing ferric chloride 
wdth hydrogen, or by the dehydration of the hydrate. 

Anhydrous ferrous chloride forms colourless rhombohedral crystals 
with the same crystal lattice^® as the dichlorides of magnesium, man¬ 
ganese, cobalt, and nickel. It melts at 672° and boils at 1,030°; the heat 
of evaporation is 32*1 k.cals. per mole,^® involving a Trouton constant of 
23*2. The vapour density just above the boiling-point indicates that it is 
a mixture of FeClg and Fe 2 Cl 4 molecules,®^ but at higher temperatures, 
from 1,300° to 1,500°, Nilson and Pettersson^® found almost the theoretical 
value for FeClg. 

Ferrous chloride is excessively hygroscopic and very soluble in water. 
It forms a series of hydrates, whose transition points, so far as they are 
known, are as foUows®®~^: 

0 HgO -1 -^ 2 -> 4 -6 HaO. 

76*5*^ 12*3° 

O. Ruff and E. Ascher, ib. 1929, 183, 196. 

C. Poulenc, C.R. 1892, 115, 941; Ann. Chim. Phys. 1894, [7] 2, 6. 

G. Bnini and A. Ferrari, Z. phyaikcd. Chem, 1927, 130, 488. 

C. G. Maier, U,S. Bur, Mines Techn, Papers, 1926, No. 360. 

V. Meyer, Ber, 1884, 17, 1336. 

L. F. Nilson and O. Pettersson, Z, physikal. Chem. 1888, 2, 671. 

G. Agde and F. Schimmel, Z, anorg, Chem, 1928, 173, 111. 

F. Schimmel, ib. 176, 286. 
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The saturated solution at 20° contains 68*6 g. of FeCl 2 in 100 g. of water, 
and at the boiling-point (117*5°) 101*8 g. The aqueous solution is very 
slightly hydrolysed. 

Ferrous chloride forms a series of complexes (p. 1348). 

Ferrous Bromide^ FeBfg 

Unlike chlorine, bromine vapour acts on the heated metal to produce 
the ferrous and not the ferric compound. This can also be made from its 
hydrate, which is formed by dissolving the metal in aqueous hydrobromic 
acid. The anhydrous substance forms yellow or brown crystals with a 
layer lattice of the cadmium iodide type.®^ In air it is stable in the cold, 
but at 310° it is slowly converted into ferric oxide and bromine. It is very 
soluble in water, and forms a series of pale green hydrates; the system 
FeBrg—HgO gives the following hydrates^® and transition points: 

9 HgO -> 6 HaO -> 4 HaO -^ 2 HaO. 

-29-3° -f-49*0° +83'^ 

At the cryohydric point of —43*6° the solution contains 42*3 per cent, 
of FeBra, and at the boihng-point 70*2 per cent. The hexahydrate has the 
soF 117/21°. 

Ferrous Iodide^ Pelg 

This also is formed by the direct action of the halogen on the metal, 
and it is easier to get in the free state than the other halides, because no 
ferric iodide exists. It can be made in solution by dissolving iron in a 
suspension of iodine in water. 

The properties of the anhydrous salt have been much disputed; accord¬ 
ing to Ferrari and Giorgi^"^ it forms dark red hexagonal crystals with the 
cadmium iodide lattice; it melts at 177°. 

With water it forms a series of hydrates of which the only certain ones 
are a tetrahydrate (green) and a hexahydrate (yellow). On warming even 
at 50°, the hydrates and their aqueous solution turn black, but they 
recover their original colour on cooling (like cupric bromide). 

Some double salts are known, such as Feig, 2 Hgig, 6 HgO; but there is 
no evidence that they contain complex ferrous anions. 

Ferrous Cyanidey Fe(CN )2 

Though the ferrocyanide complexes are so stable, the simple cyanide 
Fe(CN )2 cannot be obtained from solution. If, however, ammonium ferro¬ 
cyanide (NH 4 ) 4 [Fe(CN) 6 ] is heated in vcicuo it begins at 110 ° to evolve 
ammonium cyanide, and at 320° pure ferrous cyanide Fe(CN )2 is left 
behind as pale-green transparent crystals, which on further heating decom- 

A. Ferrari and F. Giorgi, Atti B. 1929, [6] 9, 1134. 
w F. Schimmel, Ber. 1929, 62, 903. 

A. Ferrari and F. Giorgi, AtH B. 1929, [6] 10, 522. 
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pose above 430®.®®~® Their crystal structure®^^ may be that of a ferrous 
ferrooyanide, Fe 2 [Fe(CN)e]. 

Ferrous Thiocyanate^ Fe(CNS )2 

This can be obtained as a trihydrate Fe(CNS) 2 , 3 HgO, by dissolving 
iron in thiocyanic acid in the absence of air. It forms green prisms, which 
are very soluble in water, and very easily oxidized. 

Ferrous Carbonate^ FeCOg 

Ferrous solutions, when treated with alkaline carbonate, give a white 
precipitate of the normal carbonate FeCOg, but this rapidly darkens 
through oxidation by the air. The solid®^ begins to dissociate into carbon 
dioxide and ferrous oxide at 200°; at 490° the dissociation tension is 
1 atm. (MgCOg at 540°, CaCOg at 900°), but at this temperature the gas 
has to some extent reacted with the solid to give carbon monoxide and 

The solubility of ferrous carbonate in water is much affected by the 
presence of carbon dioxide, partly because this represses hydrolysis, and 
partly because the ferrous ion (like calcium) forms a soluble acid car¬ 
bonate Fe(HC 03 ) 2 . In water saturated with carbon dioxide at atmo¬ 
spheric pressure the solubility at 20 ° is about 1 g. per litre. In complete 
absence of oxygen iron powder wiU dissolve in pure water in a stream of 
CO 2 to give a solution of Fe(HC 03)2 containing 1 g. or more of iron per 
litre, which will remain clear and colourless for months.®® 

The water of many springs contains the acid carbonate, and on exposure 
to the air this loses carbon dioxide and is oxidized with precipitation of 
hydrated ferric oxide. 

Ferrous Nitrate, Fe(N 03)2 

This salt can be made from ferrous sulphate and lead nitrate, or by 
dissolving iron in cold dilute nitric acid: 

4 Fe -f 10 HNO 3 = 4 FeCNOg)* -f NH 4 NO 3 + 3 H 2 O. 

The salt is known only in the form of two hydrates, at the ordinary 
temperature a hexahydrate, and at temperatures below — 12 ° an ennea- 
hydrate Fe(N 03 ) 2 , 9 HgO. 

The hexahydrate forms green crystals, soF 81.8/20°. On warming, 
especially with acids, the solution decomposes to give ferric ion and nitric 
oxide (Tiemann and Schulze’s method of estimating nitrates). 

Ferrous nitrite cannot be prepared; it decomposes at once on formation 
to give ferric ion and nitric oxide. 

** A. Mittasch, E. Kuss, and 0. Emert, Z. anorg, Chem* 1928, 170, 193. 

•• Id., Z. Elektrochem* 1928, 34, 159. 

W. BriU and H. Mark, Z. phyaikal. Chem. 1928, 133, 443. 

See also K. A. Hofmann, H. Arnoldi, and H. Hiendlmaier, Ann. 1907, 352, 64. 

^ For its crystal structure see R. W. G. Wyckoif, Amer, J. Sci, 1920, [4] 50, 317. 

O. Baudisch, Ber. 1938, 71, 992. 
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Ferrous Sulphate, FeS 04 

This is the most important and the longest known of ferrous salts; the 
heptahydrate ‘green vitriol’ was described by Albertus Magnus in the 
thirteenth century. The only certain hydrates are those with 1 , 4, and 
7 HgO, the transition points being: 

0 -1 -> 4-7 HaO. 

(>90°) 650° 56*6° 

The heptahydrate ordinarily forms green crystals, but according to 
Abegg®^ this is due to the presence of basic salt; when it is quite free from 
this it is bluish-white, and it is then quite stable in air, whilst the ordinary 
green salt slowly oxidizes in air, with the formation of a yellow-brown 
layer of basic ferric sulphate. 

On heating, the heptahydrate loses 6 HgO to form the monohydrate, 
which gives up the last molecule of water only at a much higher tempera¬ 
ture to form a white powder of the anhydrous salt, which on heating to a 
still higher temperature breaks up to give sulphur dioxide, basic ferric 
sulphate, and other products. At 20 ° 100 g. of water will dissolve 26*6 g. 
of the anhydrous salt in the form of the heptahydrate. 

The heptahydrate is monoclinic, and forms mixed crystals with the 
corresponding salts (vitriols) of other divalent metals, such as magnesium, 
manganese, cobalt, nickel, and copper. It also forms a series of double 
sulphates of the general formula M 2 SO 4 , reS 04 , 6 HgO, where M may be K, 
Rb, Cs, NH 4 , Tl'; all the corresponding double selenates have also been 
made. 

The ammonium salt (NH 4 ) 2 S 04 , FeS 04 , 12 HgO has been used for pro¬ 
ducing very low temperatures by the magnetic method of Debye and 
Giauque. Its temperature can be reduced by demagnetization from 
8*5° K to 0*36° or 0*15° K. by using magnetic fields of 29 or 42 kilogauss.®® 

Solutions of ferrous sulphate, even in pure water, are only very slowly 
oxidized by air. On passing air through the decinormal solution at 25° 
Ennos®® found that only 0*03 per cent, was oxidized per hour. In alkaline 
solution the oxidation proceeds much more rapidly, and it does so too in 
presence of alkaline tartrates or citrates, which no do^bt form covalent 
ferrous complexes; it also goes quicker in alcohol.®’ 

Ferrous Salts of Oxy-halide Acids 

The perchlorate Fe(C 104 ) 2,6 H 2 O is a colourless salt, soF 68*7/25°, 
which is stable up to 100 °. This is a sign of the exceptional stabihty of the 
perchlorate ion; usually the oxy-hahde ions are easily able to oxidize the 
ferrous ion: thus the bromate goes over as soon as it is made into the basic 
ferric salt, and the iodate Fe(I 03)2 i® converted into a ferric compound 
with separation of iodine. 

Eisen, B. 62. N. Kiirti, P. Lain6, and F. Simon, C.R. 1939, 208, 178. 

•• F. R. Ennoa, Proc, Camb, Philos. Soc. 1913, 17, 182. 

H. Wieland and W. Franke, Ann, 1928, 464, 101. 



Ferrous Complexes 1335 

Ferrous Salts of Organic Acids 

When the acids are monobasic, the salts seem (unlike the corresponding 
ferric salts) to be simple; thus there is a slightly soluble green formate 
(2 HgO) and a very soluble colourless acetate (4 HgO). This last is very 
easily oxidized, because owing to the weakness of the acid it is highly 
hydrolysed (1*76 per cent, in normal solution in the cold).®® 

Ferrous salts of dibasic acids like oxalic are clearly auto-complex, and 
as such are discussed below among the "ato' complexes. 

Complex Ferrous Compounds 

In general ferrous complexes are less stable than ferric, as we should 
expect. For example, by using radio-active iron as a tracer it has been 
shown®® that slow radioactive exchange occurs with chelate ferrous com¬ 
plexes of o-phenanthroline and dipyridyl, but not with ferric complexes 
such as ferri-haemoglobin and ferri-phaeophytin. Some, however, of the 
ferrous complexes are very stable, especially the cyanides. 

FERROUS CARBON COMPLEXES 

These are confined to the cyanides, which are of two kinds, the ferro- 
cyanides M 4 [Fe(CN)e], and the pentacyano-compounds M^[Fe(CN) 5 X]. 

FERROCYANIDES 

Stable complex cyanides are particularly common among the elements 
in this neighbourhood, such as manganese and cobalt, and the platinum 
metals; they are, however, especially numerous with iron: Abegg^® 
devotes over 200 pages, with 1,360 references, to the discussion of this group 
of complexes. 

Attention was very early directed to compounds of this class by the 
discovery of the valuable dye Prussian blue (ferrous ferricyanide), which 
was made accidentally by a colour-maker named Diesbach in Berlin in 
1704-10.’^ It was then found by Macquer in 1753 that this dye when 
treated with alkali gives, and can in turn be made from, the ‘yellow 
Blutlaugensalz ’ (yellow prussiate of potash, i.e. potassium ferrocyanide) 
which could be got by fusing animal residues with iron and potassium 
carbonate. The chemistry of the group was thoroughly investigated by 
Scheele in 1783; he showed that Prussian blue on distillation with sul¬ 
phuric acid gave a peculiar new acid which was therefore called prussic 
acid, and from this he was able to make the prussiate and Prussian blue 
itself. 

The ferrocyanide complex is exceptionally stable; the salts are not 
poisonous, and give none of the ordinary reactions for iron. Hence this 
was one of the first complexes whose complexity was recognized. 

N. Lofman, Z, anorg, Chem. 1919, 107, 241. 

•• S. Ruben, M.D. Kamen, M. B. AUen, and P. Nahinsky, J.A,C.S. 1942, 64, 2297. 

Eiaen, B. 465-674 (1936). 

J. Brown, PhiL Trans, 1724, 33, 17 (given in facsimile in Abegg, B. 465). 

6U4.2 T ; 
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The ferrocyanides were formerly made by heating crude potashes 
(KgCOg) with iron filings and nitrogenous animal matter such as horn, 
feathers, and dried blood. They are now made from the residues of the 
purification of coal gas; the crude gas contains prussic acid, and when this 
is removed by passing it over ferric oxide, Prussian blue is formed. This 
product is heated with lime, which converts it into the soluble calcium 
ferrocyanide, and when this is treated with potassium chloride, the potas¬ 
sium salt K 4 Fe(CN)e, 3 HgO crystallizes out. 

The idea that the alkaline ferro- and ferricyanides occur in isomeric forms 
has been disproved for both,^^® though isomerism certainly occurs in the 
ferrocyanic esters (see below); K 4 [Fe(CN) 5 ] 3 H 2 O may be dimorphic.’® 

Ferrocyanic Acid^ H 4 Fe(CN )6 

This can be obtained in solution by precipitating the lead salt with 
hydrogen sulphide or sulphuric acid, and from this solution the solid acid 
can be got by evaporation. It is more easily made by adding to a solution 
of a salt, hydrogen chloride and ether, when a crystalline etherate of the 
acid separates, from which the ether can be removed by heating in a 
stream of hydrogen to 80-90°, or by leaving it over sulphuric acid at 60°. 

The free acid forms colourless crystals, or a white powder. It is curious 
that there is a doubt’® whether the acid contains water or not; one would 
have supposed that as a strong acid it would have the hydrogen ions 
hydrated, but apparently some complex acids, especially of this type, can 
have the hydrogen covaleiitly attached to the anion; examples (see later) 
are the carbonyl-prusso-acid H 3 [Fe{CN) 5 C 0 ],H 20 , and the nitroprusside 
acid H 2 [Fe(CN) 5 NO], 1 or 0 HgO. Ferrocyanic acid is easily soluble in 
water (soF 15/14°); the solid is stable in dry air. 

Of the four (classical) dissociation constants”"® only the first two are 
definitely those of a strong acid, the third being much weaker (about 10 “®), 
and the fourth only 6x 10“® (about one-third of that of monochloracetic 
acid). 

Free ferrocyanic acid forms crystalline addition compounds with a large 
number of organic nitrogen and oxygen compounds, containing from one to 
four molecules of the organic component to one of the acid. Where the or¬ 
ganic component is a base, these are obviously substituted ammonium salts, 
for example, with 4 R • NHg , (R • NH 3 ) 4 [Fe(CN)e]. The complexes with 
organic oxygen compounds’®”®^ are formed by alcohols, ethers, aldehydes, 
and ketones. They resemble the amine compounds very closely: they are 

S. H. C. Briggs, J.C.S. 1920, 117, 1026. 

Id., J. Phya. Chem. 1928, 32, 1422. 

S. limori, Z. anorg, Chem, 1927, 167, 146. 

B. H. Vallance, J.C,8. 1927, 1328. ’• Abegg, B. 481. 

’’ I. M. Kolthoff, Z. anorg. Chem. 1920, 110, 143. 

B. V. Nekrassov and G. V. Zotov, J Appl. Chem. Ruas. 1941, 14, 264. 

’» M. Freund, Ber. 1888, 21, 931. 

A. V. Baeyer and V. Villiger, ib. 1902, 35, 1202. 

P. Duprat, BitU. Inat, Pin, 1933, 37, 17. 
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formed by direct addition, and dissociate into their components very 
readily; the only general difference is that while the number of amine 
molecules added to one of acid is usually four, the number of the oxygen 
compounds is often less than this. As Baeyer and Villiger said, these 
must be oxonium salts, for example, (CH 3 0 H 2)2 H 2 [Fe(CN)e], Oxonium 
is a weaker base than ammonium, and so cannot always saturate all the 
hydrogen atoms of the acid. But the number of these compounds, and the 
ease of their formation, is remarkable. Platinocyanic acid forms a similar 
compound with alcohol, of the composition H 2 Pt(CN) 4 , 2 CgHgOH. 

Salts of Ferrocyanic Acid 

These are very numerous. The alkaline and alkahne earth salts, which 
are yellow, or when anhydrous nearly white, are readily soluble in water, 
and are considerably hydrated, as the following figures show: 


Metal 

Li 

Na 

K 

NH 4 

Rb 

Cs 

Mg 

Ca 

Sr 

Ba 

Tl' 

Hydration 

6 , 9 

10 

3 

3 

2 

3 

10 ( 12 ) 

11 

8,15 

6 

2 


The hydration of some of these salts (as Rb, Cs, NH 4 ) is unusual; since the 
anion does not seem likely to be hydrated, it may be due to the large 
size of the anion as compared with the cation. The solubility increases 
from lithium to caesium, and from calcium to barium. This would normally 
be taken to indicate that the acid is weak, but it is very doubtful whether 
this rule, which is based on the behaviour of mono- and dibasic acids, can 
be applied to tetrabasic. 

The other salts are nearly all insoluble. The ferrocyanides form an 
enormous number of double salts of such types as 

Ag 3 Kre(CN)e, CaK 2 Fe(CN)e, etc.; 

there is no sign that these are anything more than ordinary double salts 
or that they contain any larger complexes than the Fe(CN)e ions. The 
supposed 8 ~covalent salt M 6 [Fe(CN) 6 Cl 2 ] does not exist. 

The rare earth salts®^ may be useful for separations. If a rare earth salt 
is added to a solution of potassium ferrocyanide, a relatively insoluble salt 
is precipitated, of the composition M'M'"[Fe(CN) 0 ] aq., where M' may be 
Na or K, and M'" practically any rare earth metal. These salts are almost 
insoluble in water, but are more soluble (l*5--3*5 g. MgOg per litre in the 
cold) in decinormal hydrochloric acid. 

The solubilities of some of the simpler ferrocyanides are as follows 
(Abegg), in g. of anhydrous salt to 100 g. of water; Li, 6 HgO, very large; 
Na, 10 HgO, 20 * 8 ; K, 3 HgO, 32-6 at 25° (falling to about 6 in 2 -normaJ 
potassium hydroxide); Rb, ca. 100 at the ordinary temperature; Ag, HgO, 
about as soluble as silver bromide; Mg, 10 HgO, 25 at the ordinary tempera¬ 
ture; Ca, 11 HgO, 57-2 at 25°; Ba, 6 HgO, 0-1 at 15°; and LO at 75°. 

w H. Irving and G. W. Cherry, J.CJ3. 1941, 25. 

»» W. Prandtl and S. Mohr, Z, anorg, Chem, 1938, 236, 243; 237, 160. 
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The ferrocyanides of the alkalies and the alkaline earths are no doubt 
simple salts of the ferrocyanide ion. But most of the heavy metal deriva¬ 
tives give signs of greater complexity, with several iron atoms in the 
complex.®^ 

The copper and iron derivatives are of special interest. Cupric ferro¬ 
cyanide has the property that a film of it is permeable to water but not to 
certain solutes.®^ This was discovered by Moritz Traube in 1867, and 
became of practical importance 10 years later, when Pfeffer showed®® that 
the membrane could be supported in the pores of a clay cell, and in this 
form could be used to measure comparatively high osmotic pressures; it 
was on these measurements that van’t Hoff based his theory of osmotic 
pressure 10 years later. The most singular fact is that this compound is 
not only the best but practically the only one which it has ever been found 
possible to use for this purpose; this imposes a serious limitation on the 
possible range of direct osmotic pressure measurements, as we are con¬ 
fined to aqueous solutions, and to solutes that do not react with cupric 
ferrocyanide. The mechanism of the action is uncertain, but the material 
used is a colloidal gel containing water: if the water is removed from it, 
either by drying or by immersing it in a non-aqueous solvent, the membrane 
breaks down. Hence it is at least probable that the passage of water 
through it is not merely mechanical, but involves the combination of the 
water with the colloid and its subsequent dissociation. It is permeable to 
many solutes, especially acids (which, however, may react with it) and 
many salts of the uni-univalent type; but for many salts with polyvalent 
ions, and for large organic molecules like those of the sugars, though not 
for small ones like the alcohols, it is almost, if not quite, impermeable. 

The ferro- and ferricyanides of iron itself are of interest because they 
include the remarkable and important substance (or substances) Prussian 
blue. In discussing this group of compounds it is difficult to distinguish 
between the ferro- and the ferricyanides, in many of them each iron atom 
plays both parts. We may therefore anticipate somewhat and treat the 
ferro- and ferricyanides of iron together.®*^ 

When the iron is entirely ferrous, we get ferrous ferrocyanide 
Fe 2 [Fe(CN) 6 ] aq., and also a series of compounds in which the ferrous 
cation is partly replaced by hydrogen or by alkali metals, as in FeHg, 
FeK 2 , etc. These substances can be made by adding a ferrous solution to 
a ferrocyanide, and when they are precipitated in the absence of air they 
are white, pale yellow, or green substances, which oxidize in air with very 
different degrees of ease according to the method of preparation and the 
nature of the cation. 

At the other end of the scale we have the wholly ferric compounds, 

H. Reihlen and U. v. Kummer, Ann, 1929, 469, 30 (lead): H. Reihlen and 
W. Zimmermann, ib. 475, 101 (cadmium). 

" See Abegg, B. 581, 632. 

Osrmtiacke Untersuchungen, Leipzig, 1877. 

See Abegg, Eisen, B. 667-78. 
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made from a ferric salt and a ferricyanide. These are but little known; 
they are usually dark coloured solids, and are mostly colloidal. They 
include the so-called ‘Berlin green’ which has been shown^® to be the 
simple ferric ferricyanide Fe[Fe(CN)e], but this is not a dye, and it is at 
least probable that the green colour is due to the presence of impurities 
of the Prussian blue t 3 r^)e. 

The brilliant colours which we associate with these cyanide compounds 
of iron are only found when the substance contains both ferrous and ferric 
iron. The most obvious form of molecule to meet this requirement would be 
ferric ferrocyanide Fei"[Fe"{CN)e] 3 , or ferrous ferricyanide Fe 3 [Fe'"(CN)e] 2 , 
but there must be (and are) compounds in which the cation is composed 
of hydrogen or alkali metals as well as iron. There is in fact a whole series 
of these dyes, differing in method of preparation, in composition, and in 
properties, some of them soluble but most of them insoluble. The dis¬ 
cussion of the structures of compounds of this kind is of little use unless 
the crystal lattice has been determined. This has been done for some 
members of the Prussian blue group by Keggin and Miles.®® This remark¬ 
able work showed that many compounds of this group have almost 
identical lattices. The structure is cubic. At every comer of the cube is 
an iron atom, joined to the next iron atom by the linear Fe—O^N—Fe 
group lying along the edge of the cube. Each Fe is attached to 6 CN, each 
CN to 2 Fe, giving for the cube FeFe(CN)e; to these are added in the various 
(Fe"Fe", Fe"Fe'", Fe"'Fe'") compounds 2, 1, or 0 alkaline cations per 
Fcg. The white ferrous ferrocyanide is M 2 Fe"(Fe"CN) 6 ): there is an alkaline 
ion at the centre of each cube. The Prussian blues in the crystalline form 
have the composition MFe'"{Fe"(CN)e); they have the same cubic lattice, 
the iron atoms being alternately ferrous and ferric, and the M cations 
being at the centres of alternate cubes. ‘Ruthenium purple’ FeMRu(CN )0 
is the same, except that alternate (ferrous) iron atoms are replaced by diva¬ 
lent ruthenium. Finally, ‘Berlin green’ Fe"'Fe'"(CN)e has again the same 
lattice, but now all the iron atoms are ferric, and there are no alkaline 
cations. 

When the iron or ruthenium atoms are alternatively divalent and triva- 
lent there is a possibility of resonance between two structures in which the 
two valencies change places: this causes an intense and very selective 
absorption of light; but when both the iron atoms arc divalent, or both 
trivalent, this cannot happen, and so the brilliant colour disappears. (For 
the crystal structure, see further, reference®^, and for the magnetism 
reference ®®). 

Reactions of the Ferrocyanides 

In the solid state the alkaline ferrocyanides are very stable to heat, but 
at a red heat they begin to decompose with the formation of potassium 
cyanide, while cyanogen and nitrogen are evolved, and a mixture of iron, 
J. F. Keggin and F. D. Miles, Nature, 1936, 137, 677. 

H. B. Weiser, W. O. Milligan, and J. B. Bates, J, Phys. Chem. 1942, 46, 99. 

J. Richardson and N. Elliott, J.A,C\S. 1940, 62, 3182. 
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iron carbide, and carbon is left. On heating with dilute sulphuric acid they 
give off prussic acid (as Scheele showed), while concentrated sulphuric acid 
gives the decomposition product of prussic acid, carbon monoxide. 

In water the alkaline and alkaline earth ferrocyanides are strong electro¬ 
lytes with the very stable Fe(CN)7 anion. They give a series of charac¬ 
teristic precipitates with heavy metal salts, for example, white with lead 
or zinc, reddish-brown with a cupric and bright blue with a ferric salt. 
The complex is so stable that it gives scarcely any reactions for the ferrous 
or the cyanide ion; there must, however, be a minute dissociation of the 
complex, for it is found®^ that if a stream of carbon dioxide is blown 
through the hot solution of a ferrocyanide there is a very slow but far- 
reaching evolution of hydrogen cyanide. 

At the ordinary temperature neutral ferrocyanide solutions are only 
very slowly oxidized by air. In the presence of normal potassium hydroxide 
they are practically not oxidized at all, but in decinormal acetic acid the 
oxidation (to the ferricyanide) is complete.®® 

In practice the oxidation to the ferricyanide is effected by a number of 
reagents, such as the halogens, iodates, and electrolytic oxidation. 

Ferrocyanic Esters 

A series of alkyl derivatives of ferrocyanic acid, of the composition 
R 4 Fe(CN)e (where R = methyl, ethyl, or propyl), has been prepared, of 
which the methyl compounds arc peculiarly interesting from their occur¬ 
rence in isomeric forms. 

It has been pointed out by Meyer^®® that of the eight known types of 
anion of the form [A(CN)e], only four give the free acids, and it is only 
two of these last, and moreover the two which give the most stable 
hydrogen compounds, of which the esters can be prepared. The whole 
list of these compounds is given in the following table, in which S stands 
for salt, A for acid, and E for ester; N is the number of unshared electrons 
in the third quantum group; it will be seen that the only two that form 
esters are the only two in which the E.A.N. of the metal is 36. 

For a full list see Abegg, B. 619. 

W. Autenrieth, Chem, Ztg, 1898, 22, 866; J. Matuschek, ib. 1901, 25, 816. 

C. Fredenhagen, Z. anorg. Chem, 1902, 29, 396. 

H. L. Buff, Ann. 1864, 91, 263. 

M. Freimd, Ber. 1888, 21, 931. 

E. G. J. Hartley, J.G.S. 1910, 97, 1066. 

Id., ib. 1911, 99, 1649. Id., ib. 1912, 101, 706. 

Id., ib. 1913, 103, 1196. 

F. H 6 lzl, Mon. 1927, 136, 41. 

S. Glasstone, J.G.8. 1930, 321. 

Lord Berkeley and E. G. J. Hartley, Ptoc. Roy, Soc. 1916, 92, 480. 

1 ®* G. BuchbOck, Z. phyaikal. Ghem. 1897, 23, 167. 

1®® E. G. J. Hartley and H. M. Powell, J.G.S. 1933, 101. 

^®® G. Spaou, Z. Elektrochem. 1934, 40, 126. ' 

*®« J. Meyer, H. Domann, and W. Muller, Z. anorg. Ghem. 1937, 230, 336. 
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Our first real knowledge of these compounds is due to the work of 
Hartley,®^® beginning in 1910. He showed that if dry potassium ferro- 
cyanide is treated with methyl sulphate the salts (sulphate, acid sulphate, 
and methyl’Sulphate) of a base of the composition [(CH 3 )eFeCye]X 2 can 
be formed, and that the chloride of this base when it is heated to 140*^ 
loses two molecules of methyl chloride to give a mixture of two isomeric 
(a and j3-) forms of the substance (CH 3 ) 4 FeCy 3 , which is formally at least 
the methyl ester of ferrocyanic acid. In addition HolzP®® has got a 
third (y) isomer,and J. Meyer^®® a fourth (Meyer’s a), formed 
together with Hartley’s a by the action of diazo-methane on the acid in 
the cold. There are thus five methyl derivatives of ferrocyanic acid: 

1. The salts [(CH 3 ) 3 Fe(CN) 6 ]X 2 (apart from the ionization these formulae 
are intended only to express the composition); formed from methyl halide 
and silver ferrocyanide. 

2. Hartley’s cx-ester (Meyer’s 6) (CH 3 ) 4 Fe(CN)e; made along with (3) by 
heating the salt (1) to 140®, or from methyl iodide and silver ferrocyanide,®® 
or by treating the etherate of ferrocyanic acid with diazomethane.^®® 
This is a solid easily soluble in water, alcohol, or chloroform; it separates 
from the last in large transparent lemon-yellow crystals, with 4 molecules 
of CHCI3 of crystallization,^®® which are easily removed. It is monomeric 
by osmotic pressure measurements in water^®®; it is evidently covalent 
since it has a very low electric conductivity, and silver nitrate precipitates 
no silver cyanide. 

3. Hartley’s ; made together with the a as above, and obtained from 
the mother liquor after extraction with chloroform; it is less soluble than 
(2) in water and alcohol, and almost insoluble in chloroform; it is mono¬ 
meric by the osmotic pressure. In its general behaviour it is very like (2). 

4. Holzl’s y: got^®® among the products of heating (CH 3 ) 3 Fe(CN)eCl 2 ; 
it behaves as a salt, conducts in water, and with silver nitrate precipitates 
two CN groups. 

5. Meyer’s a,^®® got by treating the acid with diazomethane; it has not 
yet been obtained pure, so its composition is uncertain; it is hygroscopic. 
It is a salt, and with silver nitrate precipitates at least one CN; at 140® it 
goes over to (2) and (3). 

The ethyl®® and propyF®® esters are known only in one form each, which 
behaves like Hartley’s a-form (2). 

Structures. It is clear tha^ in all these compounds the methyl groups are 
attached to the CN and not to the iron, and moreover to the N and not the 
C of the CN, for they have a strong isonitrile smell, and when they are 
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decomposed by alkali they give methyl isocyanide and not acetonitrile. 
We have already seen that in the complex cyanides it is the carbon of the 
CN that is joined to the metal. 

The structure of the salt ( 1 ) must thus be [(CH 3 —N=G->)(jFe]X 2 , and 
this has been confirmed by Powell and Bartindale.^®® ( 2 ) and (3) are non- 
ionized and covalent, and must be (CH 3 —N=C-^) 4 Fe(CN) 2 ; they are true 
isomers and not merely dimorphic^; they combine with equal readiness 
with methyl iodide in presence of mercuric iodide to give the same salt 
[(CH 3 -NC) 6 Fe](Hgl 3 ) 2 .^®^ They are evidently cis and trans octahedral 
forms; this has been confirmed by X-ray analysis,^®*^ which shows that the 
j 8 -form is the trans, and that the group H 3 C—N—C—Fe is linear, as the 
above structure requires. 

A detailed X-ray examination of the hydrate [Fe(CN • CH 3 )e]Cl 2 , 3 H 20 ^®® 
gives an octahedral structure, with the distances Fe—C 1*85, C—N 1*18 
(theory 2*04, 1*15 A), suggesting about 50 per cent, double-bond character 
in the Fe—link. The carbon atom in Fe—C—N—CH 3 is bent 7° from 
the straight line. 

The salt (4) is presumably the 4-covalent compound 
(CH 3 —N^C->) 4 Fe[CN] 2 . 

(5) is still uncertain, but it may well be, as Meyer suggests, the penta- 
cyano-compound [(CH3 —X=C->) 4 Fe(OH 2 )CN](CN). 

PENTACYANO-COMFOUNDS^^ 

Iron forms a series of complexes, both ferrous and ferric, in which one 
(but not more than one) of the six cyanide groups is replaced by another 
group, which may either be another radical such as NO 2 , or a neutral 
molecule like water or ammonia, so that the 6 -fold co-ordination is main¬ 
tained. Of these compounds the ferrous are, on the whole, the more 
numerous. These compounds are somewhat less stable than the hexa- 
cyanides, but they resemble them in their reactions, and can all be con¬ 
verted into them by treatment with excess of cyanide ion. 

Following K. A. Hofmann we may call the ferrous pentacyano-com- 
pounds (which alone concern us here) ‘prusso’ and the ferric ‘prussi’. 

In these the anion is always FeCy 5 X, with a valency varying according 
to the nature of the group X, which can be water, ammonia, an amine, 
—SO 3 , NO 2 , CO, or NO, the latter occurring in the nitroprussides, which 
are commonly atssumed to be ferric, but really are ferrous, as is shown 
below. 

I. Aqm-pru880-cornp(m7id8,Mj^eCy^(OTi2)\. These can be made by the 
hydrolysis of the ferro-cyanides in presence of light, heat, and dilute 
acids,or by the action of either oxidizing or reducing agents on the 

H. M. Powell and G. B. Stanger, J,G,S. 1939, 1105. 

H. M. Powell and G. W. R. Bartindale, ib. 1946, 799. 

See Abegg, Eisen, B. 684-618 (1932). 

S. limori, Z, anorg. Chem, 1927, 167, 145. . 

R.SchwarzandK.Tede, Ber. 1927,60,69. O.Baudisch,ib. 1929,62,2706. 
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nitrito-prusso-compounds, that is, on the nitro-prussides in alkahne 
solution.^^^^^ 

II. The ammonia-prusao-componnds M 3 [FeCy 5 NH 3 ]. These are formed 
by the action of concentrated aqueous ammonia on the aquo- 
corapounds,^^^ or by the reduction of the nitroprussides with sodium 
amalgam.Amines react with the aquo-compounds in the same way 
as ammonia, primary amines violently, secondary less so, and tertiary 
only slowly.^^’ 

III. The stdphitO'CompoundSy M 5 [FeCy 6 S 03 ], are formed when almost 
any pentacyano-compound is treated with sodium sulphite; with sodium 
nitrite they reform the nitroprussides. 

IV. The niirito-compoundSy M4[FeCy5N02], are formed by the action of 
alkalies on the nitro-prussides: 

M2[FeCy5NO] + 2 MOH - M4[FeCy5N02] + HgO. 

The mechanism of this peculiar reaction is discussed later, under the 
nitroprussides. 

V. The carbonyl compounds, which are numerous, are all derived from 
the type M 3 [FeCy 5 CO]. In this, as in nearly all carbonyl compounds, the 
central atom has the E.A.N. of the next inert gas, here 36 (26+3-f-5-|-2); 
the ferric compound would be M 2 [FeCy 5 CO] with an E.A.N. one less 
(26-|-24-5-f 2 ~ 35), and this prussi-carbonyl compound does not exist. 

The carbonyl compounds are produced by the action of carbon mon¬ 
oxide on a hot solution of potassium ferrocyanide, or on the ammonia- 
prusso-compounds.^^ They are very like the ferro-cyanides in behaviour, 
but are much less easily oxidized (as oxidation would destroy the inert gas 
number of the iron, which is not important in the hexacyanides). Unlike 
the other prusso-compounds mentioned above, the carbonyl derivatives 
give a free acid H 3 [FeCy 5 CO], HgO, made by treating a suspension of the 
cupric salt in water with hydrogen sulphide, and evaporating the filtrate.^^® 
It forms colourless or pale yellow crystals readily soluble in water with a 
strong acid reaction, soF 51.7/16®. This acid, like ferrocyanic, does not 
contain enough water to solvate all the acidic hydrogen. 

VI. The most remarkable of the prusso-compounds are the nitroprus¬ 
sides M 2 [FeCy 5 NO]. There are two distinct classes of pentacyano-com- 
pounds with NO groups, the nitroprussides M 2 [FeCy 5 NO], and a much 
smaller and less stable class of nitroso-compounds M 3 [FeCy 6 NO]—the 

K. A. Hofmann, Ann. 1900, 312, 1. 

A. Ungarelli, Oaz. 1925, 55, 118. 

K. A. Hofmann, Z. anorg. Chem. 1896, 12, 146. 

Id., ib. 1895, 10, 262. 

W. Manchot and P. Woringer, Ber. 1913, 46, 3614. 

“8 J. A. Muller, C.R. 1887, 104, 992. 

Id., ib. 1898, 126, 1421. Id., Bull. Soc. 1899, [3] 21, 472. 

M. Stoecker, J. Qasbel. 1904, 47, 338. 

J. A. Muller, Ann. Chim. Phya. 1900, [7] 20, 377. 

Id., BuU. Soc. 1914, [4] 15, 491. F. Holzl, Mon. 1930, 139, 349. 
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anion having the same composition in both, but a diJBFerent valency. The 
latter class have been regarded as ferrous compounds, and the nitro- 
prussides as ferric; but in fact the reverse is true: the nitroprussides are 
ferrous compounds; the nitroso- are ferric, and will therefore be dealt 
with later, among the ferric prussi-compounds. 

The nitroprussides M 2 [FeCy 5 NO] were the first pentacyano-compounds 
to be discovered. They were made by Playfair in 1849 by the action of 
30 per cent, nitric acid on a ferro- or a ferricyanide, a violent and compli- 
cat 6 d reaction still used for their preparation. There are several other ways 
of making them. Thus the nitrite ion acts on a ferrocyanide to give two 
successive reversible reactions 

(I) [FeCye]"-' + NO" [FeCy.NOa]'" + CN~; 

(II) [FeCy5N02]"^ + ^,0 [FeCy.NO]" + 2 

The reaction can be carried to completion if the cyanide and hydroxyl 
ions are removed; for example, if the prussic acid is driven out by a stream 
of inert gas and the hydroxyl ions removed by the addition of acid. Ferri- 
cyanides react in the same way, being reduced to ferrocyanides by the 
nitrite ion. The salts can also be made by the action of sodium nitrite on 
the prusso-compounds. 

The nitroprussides are mostly hydrated; Na, 2 HgO; K, 1 ; NH 4 , 1 ; 
Ca, 4 and 1 ; Ba, 6 and 3 (some of these values are unusual, especially the 
last). Conductivities show that the alkahne salts are tri-ionic, so that the 
formula should not be doubled, which rules out the hyponitrite structure, 
and probably the nitroso-structure as well. 

The nitroprussides are obviously nitrosyl compounds, and if we assume 

==» + + 

the constitution A—N^O assigned to this grouping (V. 686 ), then in 
M 2 [FeCy 5 NO] the iron will have an E.A.N. of 26+2+5+3 == 36 (the same 
as in the carbonyl prusso-complexes M 3 [FeCy 5 CO]) and a valency of 2 . 
This conclusion that the iron in the nitroprussides is ferrous is supported 
by the whole of their behaviour, and in particular by the fact that they are 
diamagnetic,like all the ferrous cyanide complexes, whereas the ferric 
are paramagnetic. 

The free acid of the nitroprussides can be obtained from the silver salt 
with hydrochloric acid, or from the barium salt with sulphuric acid, and 
on evaporation separates out in dark red crystals, which are said to have 
1 molecule of water, and are also said to be anhydrous.^^*^ It is easily 
soluble in water, alcohol, and ether. The electrical conductivity^^’ shows 
its first dissociation constant to be that of a strong acid; this agrees with 
its having one molecule of water of crystallization. 

The nitroprussides are relatively stable substances, which resist oxida¬ 
tion in neutral and in acid solution. In alkaline solution they are oxidized 

V. Schwarzkopf, Lotos, Prag, 1911, 3, 1. 

w® L. A. Welo, Phil Mag, 1928, [7] 6, 481. 

127 o. J. Burrows and E. E. Turner, J,C,S, 1921, 119, 1450. 



Nitropruaaides 


1345 


by permanganate, but alkali alone will convert the nitroprusside into 
a nitrito- (really nitro-) prusso-compound, according to the reversible 
equation 


[FeCygNO]-^ + 2 OH“ [FeCysNO^]^^ + H^O. 


The equilibrium has been determined colorimetrically,^28 
to be at 15"^ 


[FeCy5NO]'.[OH-p 

[FeCysNO^]'"' 


1*35x10^, 


so that in a njlO alkaline solution 13*2 per cent, of the nitrito-compound is 
converted into nitroprussides. 

This is a very unusual kind of reaction, but it is a natural result of the 
high positive charge on the NO group, which attracts the negative hydroxyl 
ions: 

Fe—N=6 ^ /O ^ /O 

- F^N^OH = Fe— n( + 

+ OH“ + OH“ \OH 

The nitroprussides also give remarkable colour reactions. In 1850 
Plaj^fair found that a solution of a nitropnisside will give with sulphide 
ion, but not with hydrogen sulphide itself, a transient reddish-violet 
coloration; this is sufficiently intense to detect a concentration of 0 02 mg. 
of sodium sulphide per c.c.^^® A bright blue compound also may be 
formed. Electrometric titration showed^®® that a large drop in E.M.F. 
occurs when one mole of nitroprusside has been added to one mole of 
sodium sulphide, indicating that the reaction is 

[FeCyNO]' + S" = [FeCy 5 NOS]"^ 


like that with alkali: 


[FeCy^NO]" 


+ 2 OH“ = [FeCy^NOa]''^ -f H^O 
+ 2 SH" = [reCy5NOS]''" + H^S. 


By working in methyl alcoholic solution the sodium and potassium salts 
M 4 [FeCy 5 NOS] were isolated, both blue-violet and very soluble in water. 
The aqueous solution decomposes with loss of colour, forming not, as we 
might have expected, a pentacyano-compound, but the ferro-cyanide and 
ferrous oxide. 

Another remarkable colour reaction is with compounds containing a 
mobile methylene group.A nitroprusside solution gives with acetone and 
alkali a red colour which on addition of acetic acid goes green (the ‘ Legal ’ 
reaction). This reaction occurs with all organic molecules containing a 
mobile methylene group, and is due to the nitroprusside forming deep red 
unstable complexes with them, which with dilute acids breaks up into the 
aquo-prusso-compounds and the isonitroso-derivatives of the organic 

L. Cambi and L. Szegd, Oaz, 1928, 58, 64, 71. 

J. Fages y Virgili, Z. anal, Ghem, 1906, 45, 409.^ 

G. Soagliarini and P. Pratesi, AUi E. 1928, [6] 8, ii. 76; 1930, 11, i. 193; 1931, 
13, i. 199. 

L. Cambi and T. Ricci, Atti R, 1930, 11, i. 443; Cambi, Goz. 1931, 61, i. 3. 
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compound. The essence of the reaction is the oximation of the CH 2 by 
the nitrosyl group: 

yR - /R 

M—NO + + OH~ = M^-OHa + HON-=C<' . 

\Ri \Ri 

COMPLEX FERROUS THIOCYANATES 

Ferrous iron forms complex salts with the thiocyanate radical, of the 
type M 4 [Fe(CNS) 6 ],^^^ made by dissolving ferrous hydroxide in thiocyanic 
acid solution, and adding the alkaline thiocyanate. They are colourless 
when pure, but are usually tinged with red from slight oxidation by air 
to the deeply coloured ferric thiocyanates. The alkaline salts (Na, 12 HoO; 
K, 4 H 2 O; NH 4 , anhydrous) are all readily soluble in water. 

The complex is not very stable; ammonia gives a precipitate of ferrous 
oxide. 

FERROUS NITROGEN COMPLEXES 

Ammines of the ferrous ion can be made by treating anhydrous ferrous 
salts with ammonia, and may contain up to 10 NHg per Fe"*"^. These last 
dissociate very readily, but the hexammine [Fe(NH 3 )e]Cl 2 has a dissocia¬ 
tion tension of only 6 mm. at 20°, and the diammine of 121 mm. at 230°. 
Many other ammines and substituted ammines of ferrous salts are 
known,including the very stable Fepy 4 Cl 2 ,^^^ which is a convenient 
source for the preparation of pure ferrous compounds. It is to be noticed 
that 6 -co-ordinated ferrous cations are frequent, while complex 6 -covalent 
ferrous anions (except in the cyanides) are very rare. 

The chelate complexes include a series of cyclic ammines^^^^"^® which 
have been made^'^®"^ with ethylene diamine and trimethylene diamine; 
they are mostly of the type [Fe(en) 3 ]Cl 2 , and in spite of the chelation are 
not very stable, losing amine in the air. It is interesting to compare the 
stability constants^^^ of the complexes [A(en) 3 ]^'^: 

Mn . . . 4-6x10^ Co . . . 6-6x10^^ 

Fe ... 3-3x10® Ni . . . 4-1 xlO^® 

Similar derivatives, also trichelate, of dipyridyl and phenanthroline are 
known,®®'^®’*^^® for example, [Fe(dipy) 3 ]Cl 2 , 7 HgO, which forms dark red 
crystals. These are used as redox indicators. 

Complex Nitrites (really nitro-compounds). A series of the type 
M 2 M"[Fe(N 02 ) 6 ] have been made,^^^ where M' = K, NH 4 , and Tl': and 

A. Rosenheim and R. Cohn, Z, anorg. Chem, 1901, 27» 280. 

See Abegg, EiaeUy B. 92-7. Inorganic Syntheaea, vol. i, p. 184. 

B. Emmert and R. Jaroyznski, Ber. 1931, 64, 1072. 

B. Emmert and H. Gsottschneider, ib. 1933, 66, 1871. 

R. Kuhn and A. Wassermann, Ann, 1933, 503, 203. 

R. E. Breuil, C.R, 19311, 196, 2009. Id., ib. 1934, 199, 298. 

14® F. M. Jaeger and J. A. van Dijk, Proc, Akad. Amat, 1934, 37, 333. 

141 J. Bjerrum, Metal Arnmine Formation^ Copenhagen, 1941. 

.1*® L. Cambi and A. Ferrari, Oaz. 1936, 65, 1162. 
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M'' == Ca, Sr, Ba, Cd, Hg, and Pb. They seem to be the only known hexa- 
acido-complexes of ferrous iron. 

Among the N, 0 chelate complexes are those formed by o-nitrosophenoP^®; 
these are green and can be used colorimetrically for the estimation of fer¬ 
rous iron, and will detect 1/2000 mg. Fe'" in 50 c.c. For the N, 8 thiazol 
complexes, see reference 

FERROUS OXYGEN COMPLEXES 

Ferrous chloride forms complexes with alcohols and esters, mostly hav¬ 
ing one or two, but sometimes as many as four organic molecules to one 

Fe".i46 

Chelate derivatives of diketones, ketonic esters, salicylaldehyde, etc., 
are readily made^®^® from a ferrous salt solution and the diketone, etc., in 
presence of a base such as pyridine or trialkylamine, which neutralizes the 
liberated acid and may also co-ordinate with the iron. These complexes 
have only two chelate rings, but the covalency is often raised by amines 
to 6, as in 



the acetylacetone compound. Piperidine and trialkylamines often do not 
co-ordinate, but the hydrate FeAg, 1*5 H 2 O is formed instead. These are 
mostly dark red or brown solids, easily dehydrated to an orange-red FeAg, 
which is volatile at very low pressures, and so presumably polymerized. 
These complexes arc stable when dry, but easily oxidized if moist. 

The ‘ ato ’ compounds of ferrous iron are relatively few, and practically 
always only 4-covalent. There are numerous double sulphates, especially 
of the type M 2 S 04 ,FeS 04 , 6 HgO (the normal vitriol double salts), but there 
is little evidence of their being true complexes. A more probably complex 
compound is the acid sulphate H 2 [Fe(S 04 ) 2 ], with 6, 5, and 3 H 2 O. 

Ferrous carbonate is more soluble in concentrated alkaline hydroxide 
solution than in pure water, presumably forming a complex carbonate, 
and a potassium salt of the composition K 2 [Fe(C 03 ) 2 ], 4 HgO has been 
obtained. 

Oxalato complexes also exist, including ferrous oxalate itself, as is 
shown by its lemon yellow colour, and by the fact that the molecular 
conductivity at F = 30,000 is only 0*65 of the calculated value for 
infinite dilution, which suggests that its true formula is Fe[Fe(C 204 ) 2 ].^^® 

Rather unstable double oxalates of the type M 2 [FeOx 2 ], aq. are also 
known. 

G. Cronheim and W. Wink, Ind, Eng, Chem. [Anal,-] 1942, 14. 447. 

H. Erlenmeyer and H. Ueberwasser, Helv. Chim, Acta, 1940, 23, 1268. 

D. R. Chesterman, J,C,8. 1935, 906. 

R. Soholder, Ber, 1927, 60, 1510, 1625. 
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COMPLEX FERBOUS HALIDES 

These are formed with fluorine and chlorine, but not with bromine or 
iodine. 

COMPLEX FLUORIDES 

These are few in number and of two types, M[FeF3] and M2[FeF4]; 
they have been but little investigated.^^’ 

COMPLEX FERROUS CHLORIDES 

These are rather better known. They are of three types, M[FeCl8], 
which is the commonest, M2[FeCl4], and (in one example) M4[FeCl6]. No 
complex acid has been isolated, nor does one seem to be formed in 
solution.^^® 

Abegg^^® mentions the following salts of each type: 


M[FeCl,] 

M,[FeCl4] 

M^CFeCy 

Li, 3 H,0 

Rb, 2 H,0 

KgNa, anhydr. 

(No Na) 

Cs,, 2 H,0 


K, Rb, Cs, all 



with 2 HjO 




The hexachloride is found in nature as the mineral Rinneite in potash 
deposits. Ammonium chloride forms mixed crystals with ferrous chloride, 
but no double salt.^®®“^ 

No true complex ferrous bromides or iodides are known.^^^ 

FERRIC COMPOUNDS 

The ferric compounds, in which the core of the iron atom is reduced to 
23 = 2, 8, 13, are made by the oxidation of ferrous compounds, into which 
they can be converted by reduction. For the ions this can be expressed 
by the equation 

Fe'^+ Fe'^'^'^ + Electron. 

In general, the ferrous ion is about as stable as the ferric, but in the 
covalent state the ferric is more stable than the ferrous: in particular, 
ferrous salts are fairly stable in presence of air in acid solution, but are 
readily oxidized by it on addition of alkali and precipitation of the 
hydroxide. The reason is given by the potential changes involved in the 
oxidation.^^® 

These are expressed by the equation 

E = if,+0-0681og[^. 

where Eo is the value of the E.M.F. when the concentrations of ferrous 

B. Wagner, Ber. 1886, 19, 896. 

»«• S. B. Carter and N. J. L. Megson, J.C.8. 1927, 2023. 

Eum, B. 32. *»* F. W. J. Olendinnen, J.O.S. 1922, 121, 801. 

A. C. D. Bivett and F. W. J. Glendinnen, ib. 1923, 123, 1634. 

«* Abe®-, Eieen. B. 37, 89, Id., ib. 8 (1980). 
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and ferric ions are the same: this is found to be 0*771 Hence if the 

concentration of the ferrous ion is increased or that of the ferric diminished, 
the second term becomes negative, and the ferrous ion becomes a more 
powerful reducing agent than it was before. If now to the mixed ferrous- 
ferric solution we add alkali until the hydroxyl concentration becomes 
normal, this will precipitate ferrous and ferric hydroxides. The solubility 
products of these hydroxides are approximately: Fe(OH) 2 , 10“^^, Fe(OH) 3 , 
10~®®. When the hydroxyl concentration is unity, these figures will be 
the concentrations of the ferrous and ferric ions in the solution, so that 
Fe'^’^^/Fe^'*" = 10~®*/10-^^ = 10~^2 Hence for this solution 

E = ^0-0*058log 10“*2 == volt. 

= —0*50 volt. 

Hence the ferrous ion, though its concentration is so minute, has enor¬ 
mously increased its reducing power^^®; it will in fact reduce the nitrate 
and the nitrite ions, and hydroxylamine, to ammonia,^®’*'® and will even, 
in the presence of palladous chloride, decompose water.^®® Another 
example of this effect is that ferric salts will oxidize copper and cuprous 
compounds to cupric, but in presence of ammonia ferrous salts will reduce 
cupric salts to cuprous, and in presence of alkali to metallic copper. 

This argument from the solubility of the hydroxides to their stability 
must apply in some degree to every change in the valency of a cation. 

The kinetics of a variety of oxidations of ferrous to ferric are discussed 
in Abegg, Eisen, B. 8120 (1930). Other references are given below.^®®*® 
As a base ferric hydroxide is, as we should expect, much weaker than 
ferrous, and accordingly the salts are much more highly hydrolysed; the 
solutions, unless they are strongly acid, contain the ions FeOH^^ and 
Fe(OH) 2 , and as soon as the concentration of Fe(OH )3 exceeds 0*00022 mg. 
per litre it begins to separate out in a colloidal form.^®^ It has a much 
stronger tendency to form complexes. Almost the only ferric salts which 
are not complex are those of the strong oxy-acids such as nitric, perchloric, 
sulphuric, and benzene-sulphonic, and even with these there may be some 
complex formation. The tendency of ferric iron to form complexes is 
almost as strong as that of trivalent chromium, but each element has its 
own preferences; the ferric ion gives much more stable complexes than the 
chromic with cyanides, and the chromic with ammonia and amines. 

W. C. Bray and A. V. Hershey, J,A,C.S. 1934, 56, 1889. 

W. C. Schumb, M. S. Sherrill, and S. B. Sweetser, ib. 1937, 59, 2360. 

E. Muller, Z. Elektrochem, 1908, 14, 76. 

A. Klemenc, Ber, 1926, 58, 492. 

A. Kurtenacker and F. Werner, Z. anorg, Chem. 1927, 160, 333. 

W. Traube and W. Lange, Ber. 1926, 58, 2773. 

H. M. Dawson and E. Spivey, J.C.S. 1932, 1838 (iodine). 

W. Manchot and W. Pflaum, Z. anorg. Chem. 1933, 211, 1 (HjOj+KI). 

M. H. Gorin, J.A.C.S. 1936, 58, 1787 (tin perchlorate). 

W. C. Schumb and S. B. Sweetser, J.A.C.S. 1936, 57, 871 (silver salts), 

A. B, Lamb and A. G. Jaques, ib. 1938, 60, 977, 1215. 
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The solubilities of ferric salts are in general much the same as those of 
ferrous. The anhydrous salts are usually white, yellow, or brown. The 
yellow-brown colour of the ordinary ferric solutions is due to colloidal 
ferric hydroxide; with excess of acid the hydrolysis is repressed, and at the 
same time complexes are formed, which are often colourless, but some¬ 
times have characteristic colours: thus the ferric fluoride complex is pink, 
and the ferric chloride complex yellow. 

The pure h 3 ^drated ferric salts are violet or amethyst coloured, but 
when crystallized from a slightly hydrolysed solution their small content 
of the yellow colloidal hydroxide may suppress the violet and make them 
colourless; thus ferric nitrate is colourless if it is crystallized from water, 
but from concentrated nitric acid it is violet. The same effect has been 
found with ferric ammonium alum. The suggestion that the violet colour 
is due to traces of manganese has been experimentally disproved. 

[Ferric Cyanide^ Fe(CN)3 

Though the complex ferric cyanides are numerous and stable, the simple 
compound Fe(CN )3 cannot be made.]^®® 

Ferric Thiocyanate 

The remarkable blood-red colour produced when a thiocyanate is added 
to a ferric solution, and the coloured substance extracted with ether, are 
familiar facts in qualitative analysis. But the precise nature of the coloured 
substance is still uncertain. 

Ferric thiocyanate Fe(CNS)8 can be made by dissolving ferric hydroxide 
in thiocyanic acid, by extracting a solution of ferric salts and potassium 
thiocyanate with ether and evaporating off the ether, or by the action of 
excess of thiocyanogen on iron.^®^ It consists of dark violet crystals which 
are very soluble in water and crystallize from it as a dark red trihydrate 
Fe(CNS) 3 , ^ H 2 O; it is also very soluble in ether. 

The nature of this substance, with its solubility in ether, is obscure. 
Hantzsch^®®~® found that the partition between water and ether 
(^water/Ceiher) ^ose from 0*53 at 0° to 4*32 at 35°, suggesting an etherate 
which dissociates on heating. Schlesinger and van Valkenburgh^*^® showed 
that the compound was dimeric (Fe 2 (CNS)e) both in ether and in benzene, 
and claimed that the red colour (which was the same in water and in 
ether) migrated on electrolysis to the anode; they concluded that the 
colour is due to the [Fe(CNS) 3 ] group, and that the ethereal solution con¬ 
tains Fe[Fe(CNS) 3 ]; they do not, however, suggest a structure for this 
molecule in benzene, where it must be covalent. 

J. Bonell and E. P. Perman, J.C,S. 1921, 119, 1994. 

A. Hantzsch and C. H. Desch, Ann. 1902, 323, 25. 

E. SOderbaok, Ann. 1919, 419, 217. 

A. Hantzsch and F. Sebaldt, Z. physikxd. Chem. 1899, 30, 286. 

A. Hantzsch and A. Vagt, ib. 1901, 38, 732. 

. H. I. Schlesinger and H. B. van Valkenburgh, J,A.O.S. 1931, 53, 1212, 
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More recently Bent and French^ measured the relation of the colour 
intensity to the concentrations of [Fe]"^^*^ and [CNS]“, and found that this 
gives no evidence of a complex ion [Fe(CNS)e] ; they consider that 
the colour is due to a complex cation [FeCNS]^"*^; they also claim to show 
that on electrolysis the colour migrates to the cathode. This has been 
confirmed by light-absorption measurements of the equilibrium of Fe^^^ 
and CNS~ ions in perchloric acid solution.^^^ 

Ferric Azide^ Fe[N3]3^’^^ 

This is a very soluble salt, considerably hydrolysed in solution; it has 
a dark red colour, especially in presence of excess of ferric ions. This 
resemblance in colour to the thiocyanate is remarkable: the CNS and azide 
ions are both linear. 

Ferric Oxide^ Fe203 

Both ferric oxide and its hydrate Fe 203 , HgO or FeO OH occur in two 
forms OL and y, which form distinct series of compounds^; this view is 
supported by the X-ray measurements.^’^"® Of the oxides the a-form is 
paramagnetic and the y- ferromagnetic.^’® The a-form occurs in nature as 
haematite, and can be made by heating the a-form of the hydrated oxide, 
or the nitrate or oxalate. It melts at about 1,550®.^®® 

The y-form of Fe 203 is made by the oxidation of Fe 304 , or from any 
ferrous compound if it is oxidized so slowly that Fe 304 is first formed. It 
changes reversibly into the a-form at about 600°. Its crystal structure is 
remarkable.^®^ While the a-form has the corundum lattice, like AI 2 O 3 or 
CrgOg, the lattice of the y-oxide is that of a spinel O 4 , and hence is 

identical with that of the magnetic oxide Fe 304 , which almost certainly 
(see later) is ferrous ferrite, Fe(Fe 02 ) 2 - It is very remarkable that the 
lattice should persist when the Fe 304 is oxidized to FegOg; the only change 
during oxidation is a slight contraction of the unit cube whose side changes 
from 8-380 to 8*322 A.U.^®^ This retention of the spinel lattice is due^®^ 
to the presence of empty places where the magnetic oxide has iron atoms: 
in the fully oxidized ferric oxide one-ninth of these places are empty, 
whereby instead of Fe 90 i 2 = 3 Fe 304 , we have Fe 80 i 2 = 4 FegOg. 

H. R. Bent and C. L. French, ib, 1941, 63, 568. 

H. S. Frank and R. L. Oswalt, ib. 1947, 69, 1321. 

L. Wohler and F. Martin, Bcr. 1917, 50, 594. 

1’* E. Posnjak and H. E. Merwin, A'tner, J. Set. 1919, 47, 311; J.A,C,S. 1922, 44, 
1965. 

N. S. Kumakow and E. I. Rode, Z. anorg, Chem, 1928, 169, 57. 

J. Bohm, Z. Krist. 1928, 68, 567. 

G. F. Huttig and A. Zomer, Z. Elektrochem. 1930, 36, 259. 

178 Fricke, T. Schoon, and W. Schroder, Z. physikal. Chem. 1941, B 50, 13. 

H. Albrecht and E. Wedekind, Z. anorg, Chem, 1931, 202, 209. 

180 pQp crystal structure see W. H. Zachariasen, Vid. Akad. Oslo, 1928, 4, 1. 
He finds the Fe—O distance to be 1*985 A.U., and the 0 *0 2*545. 

181 L. A. Welo and O. Baudisch, Phys. Eev, 1925, 25, 587; PhU, Mag. 1925, [6] 
50, 399, 

18* G. Hagg, Z. physikal, Chem. 1935, B 29, 95. 
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The energy content of either form of the oxide, as measured by the heat 
of solution in acids, may vary by several k.cals. per mol. according to the 
exact method of preparation, owing probably to a difference in the size 
of the particles; the determination of the surface by the adsorption of a 
radioactive indicator such as radiothorium supports this conclusion. 

Ferric Hydroxides 

The fully hydrated ferric hydroxide Fe(OH )3 has not been isolated; the 
only known hydrated oxides have the composition FegOg, HgO or FeO • OH, 
of which, as of the oxide, there are two different forms.The a-form, 
also known as ortho-ferric hydroxide, is reddish-brown. The y-form (the 
meta oxide of Krause) is yellow, and apparently the more acidic. For 
further details on these crystalline forms, see references 187-9 

The hydroxide FeO-OH occurs as the mineral limonite. When it is 
precipitated from a solution of a ferric salt by hydrolysis or by the addi¬ 
tion of alkali, it soon aggregates to form a gel of variable particle-size, 
which is shown by X-ray examination to be really amorphous. There has 
been much investigation of the properties of colloidal ferric hydroxide,^ 
which has been prepared in an exceptionally pure and salt-free form by such 
methods as the hydrolysis of the ethylate (see next section) or by the 
action of hydrogen peroxide on a solution of the pentacarbonyl in ether. 

Ferric Alkylates 

Ferric ethylate Fe(0-C2H5)3 has been made in (1) by the action of 
sodium ethylate on anhydrous ferric chloride in absolute alcohol,^®® and 
(2) by treating ferric chloride with magnesium bromo-ethylate MgBrOEt, 
which is itself made by the action of alcohol on ethyl magnesium bromide 
C 2 H 5 -MgBr.^®^ It forms dark brown crystals, which can be freed from 
enclosed salt by recrystallization from absolute alcohol.^^^ It is readily 
soluble in alcohol (soF 33/20°) and monomeric in the solution by the 
boiling-point. It is very easily hydrolysed, giving the salt-free colloidal 
hydroxide. 

Ferrites, M[Fe02], etc. 

Ferric hydroxide Fe(OH )3 is amphoteric, but it is much weaker as an 
acid than as a base, and while its salts with acids are only moderately 
hydrolysed in water, its salts with bases, the ferrites, are only stable in 
the presence of a considerable concentration of hydroxyl ion. 

18® R. Fricke, Ber, 1937, 70, 138. 

1*'^ R. Fricke and O. Glemser, Z. physikal. Chem. 1937, B 36, 27. 

18® Abegg, B. 239-64. 

188 W. H. Albrecht and E. Wedekind, Z. anorg. Chem. 1931, 202, 205. 

18’ R. Fricke, F. Blaschke, and C. Schmitt, Ber. 1938, 71, 1731. 

188 Id., ib. 1738. 

188 O. Kratky and H. Nowotny, Z. Kristi^ 1938, 100, 356. 

18® P. A. Thiessen and O. Koemer, Z, anorg. Chem. 1929, 180, 66. 

181 R. Sutra, Bull. Soc. 1930, [iv] 47, 68. 

182 p, A. Thiessen and O. Koerner, Z. anorg. Chem. 1930, 191, 74. 
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The alkaline ferrites M[Fe 055 ] can be made by dissolving hydrated ferric 
oxide (best the y-form)^®^ by heat in a concentrated alkahne solution, 
when the ferrite separates on cooling, but only in small quantity owing to 
its slight solubility. A better method is to decompose a ferrate by boiling 
it with water: 

4 NagFeO^ + 2 H 2 O == 4 NaFe02 + 4 NaOH + 3 Og. 

The ferrite then crystallizes out in quantity. 

The alkaline ferrites such as KFe02, which is green, and NaFe02, 
which appears to occur in various forms, colourless, green, and red, are 
decomposed by water slowly, or in presence of carbon dioxide at once. 
The lithium salt Li[Fe02] has a rock-salt structure.^®^ Silver seems^®®*^®® 
to form not only a normal salt AgFeOg but also an acid salt Ag3H[Fe02]4, 
both, curiously, with the same crystal lattice. 

The ferrites of divalent metals can be made by precipitating a mixed 
solution of a salt of the divalent metal and a ferric salt with alkali, or by 
heating the divalent oxide with ferric oxide to a high temperature; thus^®® 
ferric oxide forms Zn[Fe 02]2 with zinc oxide above 600°, and Ba[Fe 02]2 
with barium carbonate at 720°. These divalent ferrites have the spinel 
structure. 

A variety of more complicated ferrites, with more than one FcgOj to 
each MgO or (more often) M^'O, are known, in particular a series 

M-'Fe^O^ = M'CFeOala, FegOg 

which seem to have the same crystal lattice as FegOa, sij^ce they can take 
up as much as 6 FcgOg per molecule to form a solid solution, without any 
change occurring in the lattice.^®^ Similar compounds are formed by 
monovalent bases, and it has been found that when these contain as much 
as 5 FeaOg mols. to one MgO the crystal lattice is actually identical with 
that of a-ferric oxide.^®* 

Ammonia reduces ferric oxide at 420° to the nitride FcgN, and it has 
been shown^®® that with these higher ferrites all but one of the FegOg 
groups per 2 Na are reduced in the same way, the product being 

NagO, FegOg + xFcgN. 

Ferrosoferric OxidSy Fe 304 

This is the most important of the ferrites, and may be written Fe[Fe02]2* 
It is the only certain compound of, or intermediate between, ferrous and 
ferric oxide.^®® It is clearly ferrous ferrite Fe"[Fe'"02]2 and has the spinel 

A. Krause and K. Pilawski, ib. 1931, 197, 301. 

A. Hoffmann, Naturwiss, 1938, 26, 431. 

A. Krause, Z. Ernst, S. Gawrych, and W. Kocay, Z. anorg. Chem. 1936, 228, 

352. 

J. Guillissen and P. J. van Rysselberge, Tram, Amer. Electrochem, Soc. 1931, 

59 

S. Hilpert and A. Lindner, Z, physikal, Chem. 1933, B 22, 395. 

“8 R. S. HUpert, A. Hoffmann, and F. H. Huch, Ber. 1939, 72, 848. 

O. Baudisch and L. A. Welo, PhU. Mag. 1927, [7] 3, 396. 
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lattice common to all the ferrites of divalent metals.*®^ It can be made 
either from a mixture of ferric oxide with ferrous oxide or metallic iron, 
or by the partial oxidation of ferrous compounds, or by burning iron 
filings in a suitably limited supply of air. It is a black substance melting 
at 1,538°, insoluble in water and in acids. It is ferromagnetic: it occurs in 
nature as magnetic iron ore, and is the material of which lodestones are 
formed. It is a fairly good conductor of electricity. It also occurs in a 
hydrated form, which loses its water below 100°. 

If it is heated in air it can be oxidized further to ferric oxide FegOg. 

Ferric Sulphide^ 

This can be obtained as a black precipitate by the action of a sulphide 
on a solution of a ferric salt. It is very unstable; it is insoluble in water, 
but soluble in acids; it is readily oxidized in moist air to hydrated ferric 
oxide and free sulphur, and if heated in the absence of air it is converted 
into a mixture of FeS and FeS 2 J Biltz and others (see ref. p. 1330) have 
shown that this sulphide is really always metastable with respect to the 
FeS+FeS 2 niixture. 

[Pyrites, FeSg is really a ferrous compound Fe[S—S], and as such is 
described above, p. 1330.] 

Ferric^ Halides 

Iron forms ferric halides with all four halogens, but their stability falls 
off as the atomic weight increases, owing to a growing tendency of the 
halogen ion to reduce the cation, until the iodide is only stable in presence 
of a large excess of ferrous salt. There is also a tendency with the lighter 
halogens to auto-complex formation, which, however, falls off rapidly aa 
the atomic weight increases. 

Ferric Fluoride^ FeF^ 

This can be made^oi in the anhydrous state by the action of fluorine on 
metallic iron or on ferrous or ferric chloride, or by heating the hydrated 
fluoride in a stream of hydrogen fluoride. It is greenish, and can be 
sublimed in hydrogen fluoride above 1,000°. It forms two pale pink 
hydrates, with 3 and 4*5 molecules of water .202 

100 c.c. of water will dissolve only 0*091 g. at 25°. When heated in 
hydrogen it is reduced first to ferrous fluoride FeFg and then to the metal. 
If heated in air or in steam it is converted into ferric oxide. 

The aqueous solution has a very small conductivity and a low depression 
of the freezing-point2<>3. calcium salts give practically no precipitate of 
calcium fluoride, and potassium ferrocyanide and thiocyanate give no 

R. W. G. Wyckoff and E. D. Crittenden, J,A.C.S. 1926, 47, 2866; the Fe'*—O 
distance is 1*80 and the —O distance 2 08 A,U. 

See O. Ruff and E. Ascher, Z, anorg, Chem. 1929, 183, 193. 

E. Deusson, Mon, 1929, 138, 76. 

108 Peters, Z. physikal, Chem, 1898, 26, 196, 219. 
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reactions for iron until the solution has been acidified; moreover, the 
hydrolysis is very slight, in spite of the weakness of hydrogen fluoride as 
an acid, and on addition of potassium iodide scarcely any iodine is liberated. 
These facts show that ferric fluoride is not a normal ferric salt or a normal 
fluoride, and like the chloride it might form a complex anion [FeFJ", 
giving the salt Fe[FeF 4 ] 3 . This, however, would not explain the absence 
of the reactions for the ferric ion, which seems to indicate that the solu¬ 
tion contains a unionized complex such as 


Np/ \f ’ 


this, however, implies that fluorine is able to co-ordinate, of which there 
is no certain proof. 

Ferric Chloride^ FeClg 

The anhydrous compound can be made by heating iron in dry chlorine; 
it forms dark red crj'stals with a greenish reflex, which melt at 300° and 
sublime at the same temperature, the boiling-point being probably about 
310°; it can be purified by sublimation in a current of chlorine.^^ 

In a vacuum it begins above 500° to dissociate into ferrous chloride and 
clilorine. Its vapour density at 400° is that of FegClg; at 750°, with excess 
of chlorine to depress decomposition, it is that of FeClg. 

Ferric chloride is very soluble in water and in a variety of inorganic 
solvents, such as phosphorus oxychloride, phosphorus tribromide, and 
sulphur dioxide, but it does not dissolve in phosphorus trichloride, carbon 
disulphide, or stannic chloride. It is very soluble in many organic sol¬ 
vents: 100 g. of cold acetone will dissolve 63 g. ferric chloride, and the 
same weight of methyl alcohol 143. It can even be removed from water 
quantitatively by continuous extraction with di-isopropyl ether. This 
must be done in the dark, or the ferric iron is reduced to ferrous. Diethyl 
ether is less efficient. 

The selectivity of these solubilities indicates that the natural solubility 
is low (as the melting-point suggests), and that in many solvents the solu¬ 
bility is greatly promoted by solvation: indeed a series of solvates such as 
FeClg, 2 CgHsOH, and FeClg, (€2115)20 are known. Accordingly we find 
that the molecular weight in donor solvents is usually that of FeClg: it 
has this value by the boiling-point in alcohol, ether, pyridine, and ace¬ 
tone, and by the freezing-point in phosphorus oxychloride; in benzor 
phenone by the freezing-point it is about half FeClg and half Fe 2 Cl 5 ; in 
ethyl acetate it appears from the boiling-point to be wholly FcaCl®, and 
here its colour is very like that of the vapour, and quite unlike that of the 
solution in alcohol. The electrical conductivity in most of these (non- 
aqueous) solvents is small. 


O. Hdnigschmid, L. Birkonbach, and R. Zeiss, Ber. 1923, 56, 1473. 

S. E. Q. Ashley and W. M. Murray, J, Ind. Eng. Chem. Anal, Ed.^ 1938, 10, 

367 . 
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It is obvious that ferric chloride is in some way complex, owing, no 
doubt, to the instability of the shared sextet in 


/Cl 

Fe^Cl. 

\ci 


The suggested structure Fe[FeCle] is negatived by the light absorption of 
the solution, which is quite different from that of the salts MaFeCle which 
undoubtedly contain this anion. In the vapour state, and in those solvents 
in which it is dimeric, it must have a structure 


\ci 


like that of aluminium bromide. This has been shown by electron diffrac¬ 
tion, the Fe-CI distance^®* being 2*17 A, theory 2*21. In this connexion it 
is interesting to notice that ferric chloride can be used in many Friedel- 
Crafts reactions in place of aluminium chloride. 

Ferric chloride is extremely hygroscopic, and very soluble in water: 
the cryohydric point is - 55^, and the saturated solution at 20 ^ contains 
47*9 per cent. FeClg. It forms with water a series of hydrates which were 
examined in detail by Roozeboom^^^: it is almost unique among salts in 
giving four hydrates all of which have congruent melting-points: they are 
FeaCig, 12 Hab (m. pt. 37^); Fe 2 C]e, 7 H^O (32*5^); Fe^Cle, 5 H 2 O (W), 
and FcoCle, 4 HgO (73*5°); the formula doubled so as to make the number 
of water molecules integral. The solution is highly hydrolysed, according 
to Bjerrum^^^ 47 per cent, at the ordinary temperature at V ~ 160, giving 
for 24*8x10“'* {Kf^ for chromic chloride 0*89x10"^, for aluminium 
chloride 0*14x10“^). The ferric hydroxide produced gradually becomes 
colloidal, and so the hydrolysis, the colour, and the conductivity all slowly 
rise.212 

Ferric chloride is capable of forming complex ions of the type [FeClJ” 
and [FeClg] , and these (or some of them) are undoubtedly produced 
when hydrochloric acid is added to the solution (see later, under complexes). 


Ferric Bromide^ FeBrg 

Anhydrous ferric bromide can be made by heating iron or ferrous 
bromide with bromine to 170-200°. It is extremely soluble in water, and 
also in alcohol, ether, and acetic acid. It forms a hexahydrate FeBrg, 6 HgO 
(like FeClj, 6 HgO), which is dark green, melts at 27°, and is very soluble 
in water. 

2®* O. Hassel and H. Viervol, Tids, Kjemi, Bergweaen^ 1943, 3, No. 8, 97. 

E. Wertyporoch, 1. Kowaski, and A. Roeske, Ber. 1933, 66, 1232. 

W. M. Potts and R. J. Dodson, J.A.C.S. 1939, 61, 2553. 

D. Nightingale, R. G. Taylor, and H. W. Smelser, ib. 1941, 63, 258. 

21 ® H. W. B. Roozeboom, Z. phyeikal, Chem, 1892, 10, 477. 

211 N. Bjerrum, ib. 1907, 59, 349. 

212 A. B. Lamb and A. G. Jaquos, J.A.CB. 1938, 60, 907. 
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Ferric bromide is less stable than the chloride, and loses halogen more 
easily, as we should expect from the stronger reducing power of the 
bromine ion; if its aqueous solution is boiled, it breaks up into ferrous 
bromide and free bromine. It has the same tendency to complex forma¬ 
tion as the chloride. The absorption spectrum of the aqueous solution 
indicates the presence of complexes, which seem to break down when the 
solution is diluted, but the addition of hydrobromic acid to the solution, 
while it makes the absorption more intense, does not shift its position in 
the spectrum as hydrochloric acid does with ferric chloride, which suggests 
that the bromide is already mainly in the complex form in the neutral 
solution. 

Ferric Iodide^ Feig 

Ferric iodide cannot be isolated. It is not formed from the elements, 
which only give ferrous iodide, nor by dissolving ferric oxide in hydriodic 
acid, which reduces it to the ferrous state, a reaction which can be used in 
analysis. Ferric iodide can only occur, if at all, in presence of a large 
excess of ferrous salt. 

[Ferric Carbonate 

No simple carbonate can be isolated, though complexes are known.] 

Ferric Salts of Organic Acids 

The base being weak, all simple carboxylic salts wiU be too highly 
hydrolysed to be isolated, and so all the known ferric salts of these acids 
are complex. 

Ferric Nitrate^ Fe(N 03)3 

This can be made by dissolving the metal in nitric acid; the acid must 
not be too weak (specific gravity not less than 1*115), or the ferrous salt 
is produced: it must not be too strong, or the metal becomes passive. The 
nitrate is not known in the anhydrous state; it forms two hydrates, with 
9 and 6 HgO. The enneahydrate Fe(N 03 ) 3 , 9 HgO forms pale amethyst 
crystals when crystallized from nitric acid, but from water it is colourless, 
owing to a slight inclusion of the brown hydrolytic product ferric hydroxide; 
for the same reason the aqueous solution is brown. The enneahydrate 
forms mixed crystals with A 1 (N 03 ) 3,9 it melts at 47° to a red 

liquid; its solubility in water is 87-3/25°. The hexahydrate has a (probably 
congruent) melting-point at about 35°. No definite basic nitrates have 
been obtained. 

No complex or double ferric nitrates are known. Malquori^i^ found in 
the 3-component systems formed by water and ferric nitrate with either 
nitric acid, potassium nitrate, or (?) aluminium nitrate, no sign of double 
or mixed crystals. In the same way Bronsted^^® in his work on hydrolysis 
salts showed that while the chloride forms complexes, the nitrate does not. 

A. I. Saslavski and J. A. Ravdin, J. Qen, Chem, Russ. 1939, 9, 1473. 

*1^ G. Malquori, Qaz. 1927, 57, 663; R, 1927, [6] 5, i. 801, 1000. 

213 J. N. BrOnsted and K. Volqvartz, Z. physikcd, Chem. 1928, 134, 97. 
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Ferric Sulphate^ Fe 2 (S 04)3 

Ferric sulphate can be made in solution in the usual way and forms a 
series of hydrates. From these by careful heating the anhydrous salt can 
be got as a white powder, which dissolves only slowly in water, but does 
so quickly in presence of a trace of ferrous sulphate (compare the behaviour 
of anhydrous chromic chloride). The anhydrous sulphate is dimorphic, 
one form being rhombic and the other rhombohedral.^^® 

On heating it decomposes to give ferric oxide and sulphur trioxide. 

It forms hydrates,with 12 , 10 , 9, 7, 6 , and 3 HgO; the decahydrate 
and the enneahydrate are the minerals quenstedtite and coquimbrite. In 
solution the salt is much hydrolysed, especially on standing (owing to 
the separation of the colloidal ferric hydroxide). 

FERRIC COMPLEXES 

The tendency to form complexes is naturally stronger with ferric than with 
ferrous iron. 

Ferric Cyanide Complexes 

These are very similar, in type and in stability, to those of ferrous iron. 
They consist like them of the hexacyanides, with the anion Fe(CN)e, now 
tri- instead of tetravalent, and of the pentacyano- or prussi-compounds, 
in which one of these six CN groups is replaced by a molecule or radical. 

The ferricyanides, the salts of the acid H.[Fe(CN) 0 ], are almost but not 
quite as stable as the ferrocyanides. They are not formed directly by the 
action of a cyanide on a ferric salt, but by the oxidation of the ferro¬ 
cyanides: this is effected by a variety of oxidizing agents, electrolytic 
oxidation, halogens, iodates, &c.; even atmospheric air will oxidize potas¬ 
sium ferrocyanide completely to ferricyanide in presence of decinormal 
acetic acid, though not in presence of alkali. 

The free acid H 3 [FeCye], unlike its ferrous analogue, cannot be isolated 
in the pure state. If concentrated hydrochloric acid is added to the 
potassium salt, crystals of the impure acid will separate; many of its 
properties are uncertain,but it has been shown^^^ that all three 
dissociation constants, Ki, JTg, are those of strong acids. Like ferro- 
cyanic acid it forms addition compounds with numerous organic nitrogen 
and oxygen compounds, such as amines, aldehydes, alcohols, ethers, etc., 
which are no doubt ammonium and oxonium salts. No ferricyanic esters 
are known. 

The salts are usually dark red when anhydrous, yellow or brown when 
hydrated, and give yellow solutions in water. The following are the 
degrees of hydration of some of them: Li, 4; Na, 2 ; K, 0 ; NH 4 , 3 ; Rb, 0 ; 
Cs, 0 ; Mg, 7-5 and 10 ; Ga, 10 , 12 ; Sr, 14; Ba, 20 ; Zn, Cd, Mn, Co", Cu", 

E. Posniak and H. E. Merwin, J.A.C.S, 1922, 44, 1965. 

F. Wirth and B. Bakke, Z, anorg, Chem. 1914, 87, 13. 

A. V. Baeyer and V. Villiger, Ber. 1901, 34, 2679. 

W. M. Gumming and D. G. Brown, J.S.C.I. Tram, 1925, 44, 110. 

*20 B. V. Nekrassov and G. V. Zotov, J. AppL Chem. Russ. 1941, 14, 264. 
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Ni, Fe'", all 8. Though there are 4 alkaline or 2 alkaline earth cations in 
the molecule, the hydration is high, and the increasing values from calcium 
to barium (to which there is a parallel in the nitroprussides) are remarkable. 

The most familiar of these salts is that of potassium, ‘red prussiate of 
potash’, which was discovered by Gmelin in 1822; it forms dark red 
prisms^^’; the crystal structure has been examined by Gottfried and 
Nagelschmidt^^^: it has the six CN groups arranged octahedrally round the 
. iron. The potassium and caesium salts are isomorphous with the mangani- 
cyanide KgMnCye and the chromicyanide KgCrCye- 

Van Bever^^^ has examined the crystal structures of a series of divalent 
ferricyanides M 3 [Fe(CN) 0 ] 2 , 8 H 2 O where — Zn, Cd, Mn", Co", Cu", 
Ni, and Fe", and finds that when on further drying the water is reduced to 
2 HgO, the intensity ratios of the X-ray lines, and the cell dimensions, do 
not change. It is suggested that the water is entangled in the crystals, 
and does not form part of the lattice. 

The alkaline and alkaline earth ferricyanides are easily soluble in water 
(soF of K salt 50/25°). The silver salt is very insoluble, only 0-066 mg. 
dissolving in a litre at 20°. The heavy metal salts are usually insoluble. 
The ferrous and ferric salts have already been discussed among the 
ferrocyanides. 

The ferricyanides are less stable than the ferrocyanides, as is shown by 
their being poisonous, which the ferrocyanides are not. In alkaline solution 
they are strong oxidizing agents; otherwise they behave chemically like 
the ferrocyanides. Like them, they form pentacyano-derivatives (‘prussi 
compounds’, see next section). 

PentacyanO’ferric Complexes^ Prussi-compounds 
The following list shows how far the ferric pentacyano-complexes differ 
from the ferrous. The first column gives the composition of the anion, 
and the other two give for the ferro- and ferri-compounds the valency of 
the anion (number of alkaline cations); + indicates that the compound 
exists. 


Anion 

Ferrous 

Ferric 

[FeOy5(OH.)] 

Mg “j- 

+ 

[FoCy,(NH,)] 

M, + 

M, + 

[FeCy,(S 03 )] 

Mj + 


[FeCyjNO,] 

M, + 

Mg + 

[FeCy*CO] 

Mj + 


[FeCy,NO] 

Nitroprusside 

M, + 


[FeCy.NO] 

Nitroso- 


Mg 


*21 For its magnetic properties see J. B. Howard, J. Chem. Phys. 1935, 3, 813, and 
L. C. Jackson, Proc, Phys. Soc. 1938, 50, 797, who measures its paramagnetism down 
to 14*2® K. 

C. Gottfried and J. G. Nagelschmidt, Z. Krist. 1930, 73, 357. 

A. K. van Bever, Rec. Trav. 1938, 57, 1259. 
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The correspondence is very close, except that in the ferric series there 
are no carbonyl compounds (the E.A.N. of the iron in the ferric series 
being necessarily 35 instead of 36) and no nitroprussides; the isomeric 
FeCy 5 NO ion here has a different structure, which is discussed below, and 
which does not appear in the ferrous series. 

1. Aquo-prussi-compounds M 2 [FeCy 5 (OH 2 )]. These can be made like the 
ferrous compounds by the hydrolysis of the ferricyanides under the 
influence of light, heat, or acids: by oxidation of the ferrocyanides: or - 
best by the oxidation of the aquo-prusso-compounds with bromine water, 
nitrous acid, or permanganate and acetic acid. They form deep violet 
crystals, and the alkaline salts are soluble in methyl alcohol as well as in 
water. 

2. The amnionia-jyrussi-compounds M 2 [FeCy 5 (NH 3 )J are made by oxidiz¬ 
ing the ammonia-prusso-series with nitrous acid and acetic acid. The 
sodium salt Na 2 [FeCy 5 (NH 3 )l, 2 H 2 O is a dark yellow powder, easily 
soluble in water to give a brownish-red solution. 

3. The nitrito-salts M 3 [FeCy 5 N 02 ] can be made by oxidizing the nitro¬ 
prussides with alkaline permanganate at 0®. They are dark red, and differ 
from the nitroprussides in being insoluble in methyl and ethyl alcohols. 

4. The nitroso-prussi<ompounds. These curious substances probably 
have the composition M 3 [FeCy 5 NO]: the anicn is isomeric with that of the 
nitroprussides, but is trivalent instead of divalent. They have been 
assumed to be nitrosyl compounds; if so on the nitrosyl structure we have 
adopted, the iron must be univalent, which is very rare, and its E.A.N. 37, 
which is unknown in true nitrosyls. They are more likely to be true 
nitroso-compounds with the grouping Fe—N—0: such a compound should 
exist in a dimeric colourless state and a blue or green monomeric one, and 
the peculiar colours which these compounds show—they are dark yellow 
in neutral solution, and violet in presence of acid—support this view. 

They are made^^®'’^ by the action of nitric oxide on an aqueous solution 
of the aquo-prusso-compound, 22 ^ or on an ammonia-prusso-compound.^^* 
Their composition is assumed to be M 3 [FeCy 5 NO], but it is not certain. 
They are sharply distinguished from the nitro-j)russides by their colour; 
they cannot be derivatives of hyponitrous acid HON-~NOH since the 
aquo-prusso-compound does not react with sodium hyponitrite.^^^ 

Ferric Thiocyanate Complexes^^ 

These are all of the type M 3 [Fe(CNS) 0 ], corresponding to the ferro¬ 
cyanides and the complex ferrous thiocyanates.They are made by 
dissolving freshly precipitated ferric hydroxide in aqueous thiocyanic acid, 

*** K. A. Hofmann, Ann, 1900, 312, 1, 

Id., Z. ayiorg, Ghem, 1896, 12, 1*6. 

W. Manchot, E. Merry, and P. Woringer, Ber, 1912, 45, 2869. 

L. Cambi and T. Ricci, Atti R, 1930, [6] 11, i. 443, 

Abegg, B. 217. 

A. Rosenheim and R. Cohn, Z, anorg, Chem. 1901, 27, 280. 
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adding an alkaline thiocyanate, and evaporating in a desiccator. They are 
bright red saltjj, very soluble in water, but not very stable, and consider¬ 
ably broken up in solution, except in presence of excess of CNS ion: from 
the aqueous solution ether will extract ferric thiocyanate Fe(CNS) 3 . 
Transport experiments show, however, that the complex ion exists in 
solution. The sodium salt Na 3 fFe(CNS)e], 12 H 2 O gives a permanganate- 
coloured solution in absolute alcohol, from which it can be recrystallized. 
Other salts are K, 4 H 2 O ; NH 4 , 4 H 2 O; Cs, 2 H 2 O ; the last two are very 
hygroscopic. 

Ferric Nitrogen Complexes: Ammines^ 

The affinity of ferric iron for nitrogen is very small; the ferric ammines 
are less stable than the ferrous, which is most unusual. The ferric com¬ 
plexes of organic amines, especiall^^ pyridine and quinoline, are more 
stable than those of ammonia, and unlike the latter are stable to water. 

The simple ammines of ferric salts can be made only from the dry salts 
and ammonia gas; they are at once decomposed by water with the 
separation of ferric hydroxide. Thus the hexammine of ferric chloride 
FeClg, 6 has a dissociation tension of 324 mm. at 49° C.; the 

bromide FeBrg, 6 is less stable, 661 mm. at 49°; the sulphate is 

also known.^^^ 

A series of urea derivatives of the type [Fe{CO(NH 2 ) 2 ) 6 ]X 3 ^^^ are known, 
but these are perhaps co-ordinated through oxygen and not through 
nitrogen. 

Numerous complexes with j>yridine and quinoline^^^"^ and with anti- 
pyrine236.239~4() have been prepared, but little is known of their constitu¬ 
tion ; they are mostly dark red or brown substances, which are more stable 
than the simple ammines, and can be prepared in water. 

There are also several chelate nitrogen complexes, for example, with 
dipyridyl and o-phenanthroline.^^^"^ 

Ferric Oxygen Complexes 

Ferric iron has a great affinity for oxygen, and hence a strong tendency 
to leact with alcoholic hydroxyl groups to form compounds which are 
especially stable when they contain chelate rings, but also occur when they 

Soo Abegg, Eiseriy 1930, B. 390-4. - 

W. Biltz and E. Birk, Z. anorg. Chem, 1923, 134, 125. 

232 ji\ Ephraim and S. Millmann, Ber, 1917, 50, 629. 

233 F. Ephraim, ib. 1926, 59, 1219. 

23* G. A. Barbieri and G. Pampanini, Atti B, 1910, [6] 19, 591. 

28*^ G. A. Barbieri, ib. 1913, [6] 22, i. 867. 

238 F. Calzolari, Boll. Chim. Farm. 1911, 50, 763. 

237 G. Spacu, Ann. Sci. Univ. Jassy, 1914-16. 

238 R. F. Weinland and A. Kissling, Z. anorg. Chem. 1922, 120, 209. 

23» R. F. Weinland and O. Schmid, Arch. Phar. 1923, 261, 4. 

2*8 G. Spacu, Bui. Soc. Stiinte Cluj, 1927, 3, 285. 

2*1 F. Blau, Mon. 1898, 107, 767. 

2*2 A. Gaines, L. P. Hammett, and G. H. Walden, J.A.C.S. 1936, 58, 1669. 
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do not (as with phenols); in the same way ferric chloride forms addition 
compounds with alcohols and ethers. The colour reactions of ferric 
chloride with phenols, aromatic amines, diketones, etc., have long been 
familiar, and were of great service in the discovery by Wilhelm Wislicenus 
and others of the cause of the tautomerism of keto-enols. These coloured 
substances are ferric substitution and not oxidation products of the 
organic oxy-compounds^^^; Hantzsch and Desch^^^ pointed out that the 
products cannot be ferric salts. Acetylacetone, for example, has a dis¬ 
sociation constant of only 4*7 x 10"*,^^® and yet it can set free a consider¬ 
able amount of hydrochloric acid from a solution of ferric chloride, 
forming FeAj (HA — acetylacetone) which is practically a non-electrolyte 
in water. Similarly a considerable amount of hydrochloric acid is needed to 
destroy the colour of a solution of one of these ferric compounds. 

The great majority of these organic ferric compounds are chelate, which 
is always a source of stability; they include derivatives of j8-diketones, and 
of compounds like salicylic acid, with three chelate groups in the molecule, 
as well as ‘ ato ’ compounds. 

Ferric acetylacetonate can be made^^ by the action of acetylacetone on 



C--0' 






Fe 


an aqueous solution of ferric chloride and sodium acetate, or on an alcoholic 
solution of ferric ethylate. It crystaUizes from alcohol or ether in garnet-red 
prisms, melting at 179°. It is readily soluble in alcohol, ether, chloro¬ 
form, and benzene, but less so in water; its aqueous solution has prac¬ 
tically no electric conductivity, and is completely decomposed on boiling 
or on treatment with alkalies with separation of colloidal ferric hydroxide. 

It is, however, extremely stable to acids; only a large excess of hydro¬ 
chloric acid will destroy the colour of the solution, and even then only 
after some hours. 

With phenyl hydrazine^^® the iron in this compound is reduced to the 
ferrous state with the loss of one diketone ring, which, however, is replaced 
by the co-ordination of two molecules of phenyl hydrazine: 


/NHa-NHO 
Fe^Ag -^ AgFe'C 

Nnh,.nh<d 


On the other hand, ferrous acetylacetonate is oxidized by air in alcohol to 
the ferric state,^^’"® the third valency of the iron being satisfied by an 


A. W. Bishop, L. Claisen, and W. Sinclair, Ann, 1894, 281, 340. 

A. Hantzsch and C. H. Desch, ib. 1902, 323, 1. 

R. v. Schilling and D. Vdrlander, ib. 1899, 308, 184. 

B. Emmert and O. Schneider, Ber, 1936, 69, 1316. 

B. Emmert and E. Jacob, ib, 1934, 67, 286. 

«« B. Emmert and W. Seebode, ib. 1938, 71, 242. 
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Ato-complexes 

alkoxy-group in AgPe'" • O • Aik. In the salicylic acid derivative Hantzsch 
showed that the hydrogen comes not from the acidic but from the phenolic 
hydroxyl, since the methyl ester forms a coloured compound with ferric 
iron, but the methyl ether does not. This is because the stability of the 
compound is due to its having a relatively unstrained 6-ring: 



In the same way a number of derivatives of catechol 


A-o-h 



are known. They form two series of complex salts, one violet, of the 
type (catechol = Hgcat) M[Fe(cat) 2 ], and the other red and trichelate, 
M3[Fe(cat)3].2^»-so 

The tendency of ferric iron to link through oxygen is very strong; a 
whole series of poly-alcohols and hydroxy-acids, such as the sugars and 
their oxidation and reduction products, have been shown to form ferric 
compounds, 

FEKRIC ATO-COMPLEXES 

Carboxylato-compounds^^ 

The ferric derivatives of monobasic carboxylic acids like acetic can be 
seen from their blood-red colour to be complex. The structure and even 
the composition of these complexes are uncertain; they are highly com¬ 
plex, usually having three iron atoms in the molecule, and they often form 
colloidal precipitates. These polynuclear complexes (i.e. with several iron 
atoms) are formed by the monobasic acids like acetic as opposed to the 
dibasic like oxalic, clearly because the two oxygen atoms of one carboxyl 
group are too near together to attach themselves to one iron atom (which 
would give a 4-ring), but two or more carboxyls can be joined through two 
ferric atoms with the production of an unstrained ring as in 


-Cy yG -, 

XO->Fe—0/ 

or in other ways. 

The so-called simple ferric carboxylates are themselves complexes, 


R. Weinland and H. Seuffert, Arch. Phann. 1928, 266, 456. 
E. Sell6s, Anai. Fis. Quim, 1929, 27, 669. 

161 Traube, F. Kuhbier, and H. Harting, Ber. 1933, 66, 1645. 
Abegg, B. 362-73. 
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which usually have an unexpected formula, and when they have not, as 
in the acetate of the composition Fe(0*CO 0113)3 [= FeAc 3 ], the struc¬ 
ture can be shown to be [Fe 3 Ac 8 ]Ac 3 , by the replacement of the ionized 
groups without disturbance of the complex ion.^^^ It is only in the chelate 
form that the carboxyl group could give a stable compound with so weak 
a base as the ferric. 

According to Weinland-^ the cations produced by the monobasic 
carboxyhc acids are mainly of three kinds: 

[Fe3Acer++: [Fe3Ace(OH)r+: [Fe3Ace(OH)3]+, 

of which the last are the most stable, several of their salts, including the 
acetate, having been isolated. The existence of cationic complexes of this 
kind has been confirmed by potentiometric measurements.^^^® 

All the other ‘ato’ complexes are derived from diabasic acids, where 
each CO valency involves the replacement of a hydrogen atom, and accord¬ 
ingly they are anionic. 

Carbonato-complexes 

The red precipitate formed on adding ammonium carbonate to a ferric 
solution is soluble in excess of the carbonate to give a blood-red solu¬ 
tion, which must contain a fairly stable complex, since potassium ferro- 
cyanide gives no reaction for the ferric ion; but no complex could be 
isolated. 

Ferric Oxalato-cojuplexes 

These are numerous and stable. The tendency to form them is so great 
that calcium oxalate will dissolve in ferric chloride solution. Ferric 
oxalate itself is complex. 

The complex oxalato-salts belong to two series, the dioxalato, which are 
greenish-yellow, and the trioxalato, which are emerald green, and much 
the more stable. 

Ferric oxalate is difficult to prepare, owing to the tendency of the anion 
to reduce the cation, but it can be made^^® by dissolving ferric nitrate 
Fe(N 03)3 9 HgO and oxalic acid in much concentrated nitric acid, and 
evaporating in a desiccator. It is a canary-yellow microcrystaUine powder 
of the composition Fe 2 (C 204 ) 3 , 5 HgO. It dissolves in water only slowly, 
forming a yellow solution of acid reaction, which gives no test for the 
oxalate ion, and only a weak reaction for ferric ion with potassium iodide 
or thiocyanate; it has the conductivity of at least a di-ionic salt. The 
structure is probably Fe[FeOx 3 ], but the weak reaction for ferric ion is 
remarkable. 

^ A. Krauss, Z, anorg. Ghent. 1928, 169, 273. 

R. Weinland and H. Holtmeier, ib. 173, 49. 

Treadwell and W. Fisch, Helv. Chim. Acta, 1930, 13, 1209, 1219. 

W. Treadwell and E, Wettstein, ib. 1936, 18, 200. 

W7 O. Hauser, Ber. 1906, 38, 2707. 

2 S 8 Weiidand and K. Rein, Z. anorg. Ghent. 1929, 178, 219. 
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Of the complex oxalates^^® the trioxalato are formed by the alkalies: 
their hydration is Li, 4, 5 H 2 O ; Na, x HgO; K, 3; Rb, 3; NH 4 , 3; Tl', 3 . 
Some at least of the water must be attached to the oxalato group. The 
salts are emerald green, both in the solid state and in solution; they are 
sensitive to light, which reduces the ferric atom at the expense of the 
oxalato-group, with the production of carbon dioxide. They give the 
ordinary reactions for the ferric ion (the test with potassium thiocyanate 
only after acidification); they give a precipitate of calcium oxalate with 
calcium chloride. At the same time the freezing-points of the solutions show 
that the amount of dissociation of the complex is small. The concentration 
of the free oxalate ion with potassium ferrioxalate KgFeOxg was found^®® 
to be at the ordinary temperature 12-6 x 10“^ at F == 10, and 4-77 x 10 ** 
at F ~ 80 (3*8 per cent.); it is thus a little more stable than the chromi- 
oxalate, for which the oxalate concentration at F — 10 is 23-2 x 10 "^ but 
much less so than the cobaltioxalate (1-04x10"* at F = 10 ). The per¬ 
centage present as free oxalate ion in N /10 solution is thus Fe 1-25, 
Cr 2-3, Co 0 - 1 . 

The trioxalato-ion is asymmetric, and resolution into the optical anti- 
mers was effected for the chromioxalates by Werner,and later for the 
cobaltioxalates^®^ and the ferrioxalates.^®^ The ferrioxalate racemizes the 
most easily of the three, in less than an hour at the ordinary temperature. 
The cobaltioxalate is much more stable to racemization, and the chromi- 
oxalate rather less so. 

The dioxalato compounds^^'* M[FeOx 2 ], with probably 2 H 2 O in the 
anion, are greenish-yellow. They are difficult to crystallize: the only 
alkaline salt known is K[FeOx 2 ], 2*5 H 2 O, but a pyridine and a quinoline 
salt, (pyH), 2 and 2-5 HgO, and (quin. H), 3 H 2 O, have been prepared. 

There are also^^®*^®^ a certain number of mixed oxalato-salts which are 
4-covaIent, containing one oxalato ring with two halogens or one sulphato 
group, for example, (pyH)[FeOxF 2 ]. 

Tartrato-complexes^^^ are also known. 

A number of ferric double sulphates are known, including the alums of 
K, Rb, Cs, NH4, and methylammonium; there are also others, such as 
KFe(S 04 ) 2 , 4 HgO, and (NH 4 )Fe(S 04 ) 2 ^®®; but there is no evidence for 
their complexity; the alums we know are not complex. A more probable 
complex is the ‘acid sulphate’ FeH(S 04 ) 2 , of which two hydrates, with 
2 and 8 HgO, have been isolated.^®’ 

R. Weinland and F. W. Sierp, ib. 1921, 117, 64. 

W. Thomas and R. Frazer, J.C,S, 1923, 123, 2973. 

A. Werner, Ber. 1912, 45, 3061. 

F. M. Jaeger and W. Thomas, K. Akad. Wet. Amst. 1919, 21, 673. 

W. Thomas, J.C.S. 1921, 119, 1140. 

R. Weinland and W. Hiibner, Z. anorg. Chem. 1929, 178, 275. 

Abegg, B. 385. 

N. Schischkin, E. A. Bachrak, A. W. Smimowa, and T. S. Badeeva, Z. anorg. 
Chem. 1940, 245, 226. 

R. Scharizer, Z. Krist. 1902, 35, 345; 1921, 56, 353. 
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Complex Ferric Halides 

These are numerous; their stability falls off as the atomic number of 
the halogen increases, and there are no complex iodides. 

Complex Fluorides 

The large heat of reaction of ferric fluoride with hydrofluoric acid is a 
sign of complex formation, and the E.M.F. and freezing-points of such 
solutions support this conclusion.^®® There must be complex ferric anions 
in solution since in the electrolysis of a solution of the double salt 
NagFeFe the iron goes to the anode.^®® 

A free complex acid has not been isolated, but many complex salts have 
been prepared, of the types MFeF 4 , MgFeFg, and MgFeFg. R 6 my and 
Busch^®® find that of the salts described up to 1933 there are 3 MFeF 4 , 
14 M 2 FeF 5 , and 6 MgFeFg. The alkaline ferrifluorides are mostly anhydrous, 
except those of the pentafluoro-type (Na 2 FeF 5 , J HgO ; Kg, 1 ; (NH 4 ) 2 , 0 ; 
Tig, 3; Agg, 2 HgO). The divalent metals cadmium, ferrous iron, cobalt, 
and nickel give a series of penta-salts of the type M''[FeF 5 ], 7 HgO, suggest¬ 
ing that there is one molecule of water in the anion of the pentafluoro-salts, 
giving the 6 -covalent complex M 2 [FeF 5 (OH 2 )]. 

Complex Chlorides 

Ferric chloride is more than 1,000 times as soluble at 25° as the fluoride 
(soF FeFg 0*091, FeC4 96), and this more than offsets the smaller intrinsic 
stability of the chlorides, making them much easier to prepare. 

If hydrochloric acid is added to a solution of ferric chloride in water, 
the colour is first weakened by the removal of colloidal ferric hydroxide; 
with more acid it becomes yellow from the production of the complex 
chloride.^’® The phase equilibrium in the system FeClo, HCl, HgO was 
worked out by Roozeboom,-^^ who found the three solid ternary com¬ 
pounds HFeCl 4 , 2 HgO (m. pt. 45*7°), HFeCl 4 , 4 H 2 O (m.pt. —3°), and 
HFeCl 4 , 6 H 2 O (m. pt. —- 6 °, metastable). 

The colour of the aqueous solution indicates an equilibrium between the 
two complex acids HFeCl 4 and HgFeCle (or the anions). These acids (or 
one of them) are soluble in ether. If a solution of ferric chloride in water 
is shaken with ether, practically none of the salt is removed from the water, 
but on addition of hydrochloric acid, as soon as the acid is more than 
twice normal in the water, some of the iron is found in the ether; the parti¬ 
tion ether/water reaches 140 for ethyl ether at 6*2 normal acid, and 1,440 
for isopropyl ether at 8 -normal acid.^’^ It is evident that the hydrogen 
of the complex acid can be solvated both by water and by ether. The 

R. Peters, Z, physiJcal. Chem, 1898, 26, 195, 219. 

H. Remy and H. Biisch, Ber, 1933, 66, 961. 

See further, E. Rabinovitch and W. H. Stockmayer, J..4.0.*S^. 1942, 64, 335. 

H. W. B. Roozeboom and F. A. Schreinemakers, Z. phyaikal. Ghem. 1894, 15, 

688 . 

272 R. W. Dcdson, a. J. Forney, and E. H. Swift, J.A.C.S. 1936, 58, 2673. 
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solvation by the ether changes the colour: the ethereal solution has quite 
a different absorption from the aqueous, especially in the ultra-violet, and 
the intensity follows Beer’s law, indicating that the iron is present in the 
ether entirely in one form, probably as HaFeCl^. 

A large number of complex ferrichlorides have been made, of all types 
from MFeCl 4 to M 4 FeCl 7 . The commonest type (as with the fluorides) is 
MjFeCls, and as the salts of this type almost invariably have a molecule 
of water (Kg, Kbg, Csg, (NH 4 ) 2 , Be'", Mg'" all have 1 H 2 O), we may suppose 
that this forms part of the anion. This has been proved for 

(NH4)2[Fea5, HgO] 

by X-ray examination, which shows it to have octahedral anions of this 
composition. 2 73 Ferrichlorides of sodium have not been isolated,^74 
presumably because they are too soluble. 

If gaseous nitrosyl chloride is passed over sublimed anhydrous ferric 
chloride at the ordinary temperature, a dark-red liquid is produced, ^76 
from which, after evaporating off the excess of nitrosyl chloride, a bright- 
yellow powder is obtained, of the composition FeCIg, NOCL It is very 
hygroscopic, forming a dark-red liquid in moist air, and melts in a sealed 
tube at about 128°. It is obviously the salt [NO] ♦ [FeCy. It is so readily 
formed that if nitrosyl chloride is added to ferrous chloride at —20°, 
there is a violent evolution of nitric oxide and the ferric compound is 
produced^’®; 

FeClg -f 2 NOa == [NOl LFeaj + NO. 

The ferrichlorides of organic bases are formed with unusual ease.^77 ^jj 
of them are anhydrous, and most are of the type (BH)[FeCl4]. In the seme 
way ferrichlorides, practically always of the M[FeCl 4 ] type, are fonned by 
a large number of oxygen bases, such as the pyrones, and are frequently 
used in organic chemistry for separating and identifying these bases they 
are as a rule brilliantly coloured. 

While with the salts of monatomic metallic cations like the alkali metals 
and alkaline earths the type MgLFeCy, or more probably M 2 [FeCl 5 (OH 2 )] 
is much commoner than M[FeCl 4 ], the reverse holds good with the salts 
of organic bases, which are nearly all of the tetrachloride type. This is 
presumably on account of the much larger size of the organic cation, 
which only leaves room for one cation to each ferric complex. 

Complex Bromides 

These are evidently less stable than the chlorides: no free acids have 
been isolated, the number of known salts is small, and they cannot be 
recrystallized without decomposition. 

* 7 * I. Lindqvist, Arhiv, Kemi, Min,, Geol, 1947, 24, A, No. 1. 

*74 H. F. Johnstone, H. C. Weingartner, and W. E. Winsche, J.A,C,S, 1942, 
64, 241. 

»7» H. Rheinboldt and R. Weisserfuhr, Ber, 1927, 60, 732. 

*74 H. Gall and H. Mengdehl, ib. 1927, 60, 86. 

*77 Abegg, Eisen, B. 211. 
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They are all green, or almost black, in colour, and are of two types, 
MFeBr4 and M2FeBr5. A series of mixed chlorobromides have been 
made,*’® inckiding the rubidium and caesium salts M2[FeCl2Br3(OH2)] and 
M2[FeCl8Br2(OH2)], and the organic salts (BH)[FeClBr3] and (BH)[FeCl8Br], 
where B = triethylamine or pjnridine. The characteristically distinct 
types of the organic and inorganic salts are maintained here too, as is 
also the hydration of the pentahaUdes, as in the pentachlorides and 
pentafluorides. 

No complex iodides have been prepared, presumably because the iodide 
ion reduces the ferric atom (as in cupric io^de). 

Hexavalent Iron: The Ferrates 

Apart from certain abnormal valencies of the iron in the carbonyl, and 
more especially in the nitrosyl compounds (where the valencies have 
rather a different meaning from what they have elsewhere), the only 
valency other than 2 or 3 which we find in isolable compounds of iron is 6, 
and that only in the ferrates.*’® 

The ferrates can be made both in the wet and in the dry way. If iron 
filings are fused with nitre, the mixture glows, and on treatment with 
water gives a bright reddish-violet solution, from which barium chloride 
precipitates a carmine-red solid of the composition BaFe04, ^ HgO. The 
salts can also be made by oxidizing a suspension of freshly precipitated 
ferric hydroxide in concentrated alkafi, either electrolyticaUy, or by treat¬ 
ment with chlorine or bromine; but it is only if the oxidation takes place 
in alkaline solution that the ferrates are formed. 

The potassium salt K2Fe04, which is deep red, is more soluble than the 
barium salt; it is isomorphous with the salts of the type K2XO4, where 
X = sulphur, selenium, chromium, and molybdenum but not tellurium. 
The structure of the FeO^ ion must be the same as that of the others, with 
the 4 oxygen atoms co-ordinated tetrahedraUy to the iron which is hexa¬ 
valent like the sulphur in a sulphate. 

The ferrates range from violet-red to dark-red; the alkaline salts, and 
those of magnesium, calcium, and zinc are easily soluble in water; the 
strontium salt is less so, and the barium salt still less. They are insoluble 
in alcohol. Examples of the hydration are: Ca, 2; Sr, 2; Ba, 2; Ac*. 0; 
CuM;Pb,Zn,Co,NiaUO.' 

Potassium ferrate K2Fe04 is fairly stable if it is kept m sealed vessels. 
At 250 ° it decomposes to form a ferrite M[Fe^02] with evolution of oxygen 
mixed with ozone.*®® The aqueous solution of a ferrate is a stronger 
oxidizing agent than potassium permanganate; it will oxidize ammonia to 
nitrogen in the cold. If the solution is acidified, oxygen is at once evolved, 
and the iron passes from the hexavalent to the trivalent state: 

4 PeOr -f 20 == 4 Fe+++ + 3 O, -f 10 HgO. 

278 p Kraus and T. v. Heidlberg, J, prakU Chem. 1929, [ii] 121, 364. 

For possible other valencies see Abegg, B. 423. 

L. Moeser, J. prakt. Chem. 1897, [2] 56, 426. 
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Iron Garbonyls^^ 

As we have seen (carbonyls, IV. 547 ; nitrosyls, V. 685 ) the valencies of 
an element in its carbonyl and nitrosyl compounds have little relation to 
these which it shows in other compounds. Hence these complexes are 
treated separately from the rest. 

Iron forms three ‘pure’ carbonyl compounds, Fe(CO)5, J'e2(CO)9, and 
Fe3(CO)i2; their compositions all follow the general rule for carbonyls 
(IV. 548 ). The second and third are made from the first. 

Iron pentacarbonyl Fe(CO)5 is made^®^ by the action of carbon monoxide 
on iron powder, especially under pressure (commercially at 100-200° under 
200 atm.). It commonly occurs in coal gas and is hable to cause blocks in 
pipes; it is sometimes used as an anti-knock in petrol, but is less effective 
than lead tetra-ethyl. It is a pale-yellow Hquid melting at — 20° and boiling 
at 102 - 7 °; the Trouton constant is 23 - 7 .2®® The structure has been deter¬ 
mined by electron diffraction^®^; the Fe—C —0 groups are linear, and the 
arrangement is that of a trigonal bipyramid (as usual with a shared decet, 
e.g. in PF 5 , M0CI5, etc.). It has a very low electric conductivity.^®® It is 
stable in air in the dark, but is decomposed by light or heat, losing carbon 
monoxide to form the enneacarbonyl, and ultimately going to Fe-fCO^®®; 
this decomposition absorbs 54-4 k.cals./Fe.^®^ In alcoholic solution it is 
decomposed by acids. 

On exposure to light alone^®® or in acetic acid solution^®® the penta¬ 
carbonyl gives the enneacarbonyl Fe2(CO)9, which forms yellow non¬ 
volatile crystals almost insoluble in water, ether, or benzene, more soluble 
in alcohol and acetone. When pure it is not acted on by air. On heating 
it goes over to a mixture of the pentacarbonyl and the dodecacarbonyl 
(or trimeric tetra-carbonyl) Fe3(CO)i2. 

The structure of the enneacarbonyl was determined by X-ray analysis 
by Powell and Ewens^®® with unexpected results. Each iron atom carries 

CO CO CO 

^c=o 
/tN 

CO CO CO 

three CO groups, and in addition the two iron atoms are joined through 
the carbon atoms of the three remaining CO groups, which are acting more 

See J. S. Anderson, Qimrterly Reviews of Chem, Soc, 1948, 1, No. 4. 

2 ®* L. Mond euid C. Langer, J.G,S, 1891, 59, 1090. 

2 ®® J. Dewar and H. O. Jones, Proc, Roy, Soc, 1905, 76, 664, 

®®® R. V. G. Ewens and M. W. Lister, Trans, Far, Soc, 1939, 35, 681. 

®®® M. T. Harrington, Iowa State Coll, J, Sci, 1942, 17, 74. 

®*® D. Beischer, Z, Elektrochem, 1939, 45, 310. 

28’ W. A. Roth, Angew, Chem. 1929, 42, 982. 

28® E. Speyer and H. Wolf, Ber, 1927, 60, 1424. 

28® H. M. PoweU and R. V. G. Ewens, J,C,S, 1939, 280. 
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like ketones than metallic carbonyl groups. Also, as Pauling*®® points out, 
the two iron atoms must be directly linked, because (1) the compound is 
diamagnetic, and (2) the Fe- -Fe distance is that of a covalent link (found 
2-46, theory Fe—Fe 2-52). This leads to the remarkable results (a) that 
the iron is 7-covalent, an exception to the rule that the maximum cova¬ 
lency of iron is 6; (6) that the iron is tetravalent, which is not found else¬ 
where (26+6+3 + 1 == 36 = (22)14), and (c) that the E.A.N. of the iron 
in this compound is stiU 36. 

The structure suggested by Jensen and Asmussen*®* requires a resonance 

4 * — — + 

between Fe^^ -Fe^ and Fe^*-*Fe*^, and so should involve an intense colour, 
whereas the enneacarbonyl is only yellow. 

Analogous structures must occur in the enneacarbonyls of ruthenium 
and osmium, in dimeric cobalt tetracarbonyl (p.l422), and probably also 
in Roussin’s salts (p. 1373). 

If the enneacarbonyl is heated to 60° with any of a variety of organic 
solvents—ether, toluene, benzene, bromobenzene—it is converted without 
lost, of carbon monoxide into the pentacarbonyl and the trimeric tetra¬ 
carbonyl Fe 3 (CO)i 2 , which is also formed by the action of alkali on the 
pentacarbonyl followed by oxidation with MnOg.*®^ This forms dark-green 
prisms and is diamagnetic.*®®"^ It decomposes on heating above 100° to 
carbon monoxide and ii’on, but is volatile in steam without decomposition. 
It is soluble in organic solvents. Its molecular weight was found by the 
freezing-point in Fe(CO )5 solution to be that of the triple polymer,*®® as 
the rule requires. Its structure is unknown. 

The carbonyl groups in iron tetra- and pentacarbonyl can be partly 
replaced by amines to give complexes with CO :Fe ratios of 2, 2|, and 3. 
Thus with pyridine alone Fe(CO )5 yields Fe 2 (CO) 4 py 3 , and in the presence 
of pyridine it gives Fe 2 (CO) 5 en 2 with ethylene diamine, Fe(CO) 3 (NH 3)2 
with ammonia,*®® and Fe(CO) 3 phen with orthophenanthrohne.*®'^ 

The tetracarbonyl reacts even more readily and gives Fe(CO) 3 py, 
Fe(CO) 3 en as well as others of greater complexity,*®® including Fe 2 (CO) 4 en 3 
and Fe 4 (CO)i 2 en 3 .*®® 

The structures of some of these may resemble those of the pure car¬ 
bonyls, but the reactions usually throw little light on the constitution. 
Thus decomposition with acid frequently produces ferrous salt, iron car¬ 
bonyl hydride, and other products; sometimes Fe(CO )5 or Fe 3 (CO)i 2 is 
formed. The interpretation is made more difficult by the widespread 

2 ®® Chem. Bond, cd. 2, p. 254. 

W. Hiober, Z. anorg. Chem. 1932, 204, 165. 

K. A. Jensen and R. W. Asmussen, ib. 1944, 252, 234. 

H. Freundlich and E. J. Cuy, Ber. 1923, 56, 2265. 

2®* H. G. Cutforth and P. W. Selwood, J.A.C.S. 1943, 65, 2414. 

*®^ W. Hieber and E. Becker, Ber. 1930, 63, 1405. 

*®‘» W. Hieber, F. Sonnokalb, and E. Becker, ib. 973. 

2®7 w. Hieber and F, Muhlbauer, ib. 1932, 65, 1082. 

W. Hieber and F. Leutert, ib. 1931, 64, 2832. 
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occurrence of disproportionation or carbonyl exchange. The behaviour of 
Fe2(CO)4en3 is of interest. It decomposes quantitatively according to the 
equation^®® 

Fe2(COben3 + 2 -}- Fe(CO)4H2 + 3 en, 

suggesting that the structure is [Fe(en)3] ‘[Fe(CO)4]^®® although the salt 
c4innot be prepared s3mtheticaUy from these ions.^®^ 

Iron Carbonyl Hydride 

When iron pentacarbonyl is treated with alkali it loses one CO and gains 
two hydrogen atoms^®®: 

Fe(CO)5 + 2 OH*" - ILro(CO)4 + COr. 

The product is a volatile unstable jellow liquid, melting at —68°, and 
forming a series of derivatives in which the hydrogen can be replaced 
either by halogens (—CI2) —Bro, —12) or by metals, with which it forms 
both ionized and covalent derivatives. The hydride (and its ammonium 
salt) can also be made by dissolving the pentacarbonyl in concentrated 
ammonia. From this solution a series of salts of the ammines of divalent 
metals (for example [Ni^NHg)^]'*"^) have been made^®^; they include 'acid’ 
salts such as [Co(NH3)fl] [Fe(CO)oCOH]2. An analogous cobalt hydride 
H 00(00)4 is also known (p. 1422 ). 

Electron diflFraction has shown^®^ that both the cobalt and the iron 
hydride have the four CO groups arranged tetrahedrally round the central 
atom as in nickel carbonyl Ni(00)4. Hence the hydrogen must be attached 

“= 4 - 4 - 

to the 00 and not to the metal, and the structure must be A— 0 ^ 0 —H, 

= 4 - 4 - 

hke that of the nitrosyl group A—^N^O; NO can in fact replace COH in 

both compounds, giving Fe(CO)2(NO)2 and Co(CO)3NO. The ion in the 

“ . + 

salts must have the grouping [A— 0 ^ 0 ]. 

Among the metallic derivatives of iron carbonyl hydride are a series of 
mercuric compounds,^®^"^ which are largely covalent. They are of two 
types (X*Hg)2Fe(CO)4 and the compound HgFe(C0)4. Thus mercuric 
chloride reacts with Fe(C0)5 acetone to give (Cl Hg)2Fe(CO)4 and 
carbon dioxide^®®"®; with mercury alkyls other than the methyl, HgFe(C0)4 
is produced, along with ketones of the alkyls.®®® Compounds of the first 
type are often salts, and some, such as [S04]Hg2Fe(C0)4, are fairly soluble 
in water. HgFe(C0)4 is a dark-yellow solid, practically insoluble in all 
solvents. It is obvious from the structure of Fe(CO)2(COH)2 that though 
it can form salts, it cannot, for steric reasons, have the two hydrogens 

F. Feigl and P. Krumholz, Z. anorg, Chem, 1933, 215, 242. 

W. Hieber and F. Leutert, Naturwiss, 1931, 19 , 360. 

W. Hieber and E. Fack, Z. anorg. Chem. 1938, 236, 83. 

302 F. Hein and H. Pobloth, ib. 194], 248, 84. 

303 H. Hock and H. Stuhlrnann, Ber, 1928, 61, 2097. 

304 Id., ib. 1929, 62, 431. 


305 Id., ib. 2690. 
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replaced by a single mercury atom. The carbonyls must be covalently 
linked through the mercury atoms to large molecules; hence the infusi¬ 
bility and insolubility of the products: this also explains why Hieber 
found®®’ these metallic derivatives to be commoner with Co(CO)3COH 
than with Fe(CO)2(COH)2. On the other hand, no such polymerization is 
necessary with the compound (CHg • Hg)2Fe(CO)4—areally 


CH 3 . Hg—/feO 
CHa-Hg—\ c^O 


which melts at 101 ° and is soluble in organic solvents though not in 
water.®®® 


More complicated derivatives, whose structures are uncertain, have also 
been described.®®®*®®® 


Iron Carbonyl Halides 

A series of these is known, with compositions Fe(CO)2X2, Fe(CO)4X2, 
and Fe(CO)5X2; the structures of the first and last of these are obscure, but 

/X 

the second no doubt is (OC->)4Fe<^^, with the E.A.N. 36 , and divalent 


iron. They can be made®®® by the action of the halogen on HgFe(CO)4, 
or on Fe(CO)5 the first product then being®^® Fe(CO)5X2. The iodide can 
also be made®®® bypassing carbon monoxide at 110 atm. for 10 hours into 
cold Fel2. They are yellow or brown powders, which are monomeric 
in ethylene dibromide and in nitrobenzene. The stability increases 
markedly from the chloride to the iodide; the chloride loses carbon mon¬ 
oxide slowly even at + 10 °.®®® The ease of formation increases in the same 
order,®^®"^® and so do the volatility and solubility.®^^ 

Another series of iron carbonyl derivatives are the prusso-compounds 
M3[Fe(CN)5CO], very stable salts of which the free acid has been prepared 
(p. 1343 ), the iron here is divalent, and its E.A.N. 36 . 


Iron Nitrosyls 

A pure nitrosyl derivative is iron tetranitrosyl Fe(NO)4.®i^i® This is 
made by letting nitric oxide act on iron pentacarbonyl under pressure, at 
temperatures not above 45 °. It forms black crystals, which have no appre¬ 
ciable vapour pressure at 0 °, and slowly decompose above that tempera¬ 
ture. It is very reactive, and can be converted into a series of nitrosyl 

F. Hein and E. Heuser, Z, anorg, Chem, 1942, 249, 293. 

W. Hieber and U. Teller, ib. 58. 

W. Hieber and G. Bader, Ber. 1928, 61, 1720. 

W. Hieber and H. Lagally, Z. arwrg. Chem. 1940, 245, 295. 

W, Hieber €uid A. Wirsohing, ib. 35 . 

W. Hieber and H. Lagally, ib. 305. 

W. Hieber, H. Behrens, and XT. Teller, ib. 1942, 249, 26. 

W. Hieber and U. Teller, ib. 58. 

W. Manchot and H. Gall, Ann. 1929, 470, 271. 

* 1 * W. Manchot and E. Enk, ib, 275. 
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Iron Nitrosyl Derivatives 

compounds of such compositions as Fe(NO), Fe(NO)2, perhaps 
(NH4)[Fe(NO)2]. It may be supposed to be a nitrosyl salt [NO]'^ [Fe(NO)3]; 
if so, the iron has the required E.A.N. of 26 + 9+1 = 36 . This would also 
account for the salt NH4[Fe(NO)3]. 

The mixed carbonyl-nitrosyl Fe(CO)2(NO)2 can be made by the action 
of nitric oxide on Fe2(CO)9®^® or better Fe3(CO)i2®^’^ at 85 ° (it does not act 
on Fe(CO)5 more than on nickel tetracarbonyl or chromium, molyb¬ 
denum or tungsten hexacarbonyls). It forms deep-red crystals, m. pt. + 18 °, 
b. pt. 110 °, Trouton constant 24 * 0 .^^^ Electron diffraction®^® shows the 
molecule to be tetrahedral, like Ni(CO)4; for distances see under cobalt, 
p. 1424 . Fe(CO)2(NO)2 is soluble in organic solvents but not in water; it is 
quickly oxidized by air. On treatment with amines like pyridine and 
phenanthroline (phthr) or with iodine, the CO groups are displaced, but 
not the NO (which would disturb the E.A.N.), giving Fe(NO)2 (phthr) and 
Fe(NO)2l.®i® 

Iron nitrosyl halides are also known. Ferrous halides (like the other 
divalent halides of the iron group®®®) take up nitric oxide, ferrous iodide 
the most readily, reacting in the cold with evolution of heat and losing 
iodine, to form Fe(NO)2l; the bromide reacts in the same way on warming, 
the chloride scarcely at all. The products are blackish-brown, very sensi¬ 
tive to air and water, and sublime on heating.®®^ Their structure is dis¬ 
cussed under cobalt (p. 1426 ); it is presumably 


^ 1 -^ ’^NO’ 


and if so the E.A.N. of the iron is 35 , and the valency 1 ; if, however, there 
is a direct link between the iron atoms (as in Fe2(CO)9), the E.A.N. is 36 
as we should expect, and the valency 0 . 

A new type of halide Fe(NO)3Cl was made®®® from ferrous chloride and 
nitric oxide. It is very unstable and evolves nitric oxide at once; it is also 
very volatile (it should be monomeric, as the E.A.N. of the iron is 36 ; 
valency 2 ). 

By the action of nitric oxide on ferrous salts in the presence of sulphides 
the curious Roussin’s Black Salt M[Fe4(NO)7S3] is produced, which is con¬ 
verted by alkalies into the less stable Red Salt M2[Fe2(NO)4S2]®®® Esters of 

R. L. Mond and A. E. Wallis, J.C,S. 1922, 121, 32. 

J. S. Anderson, Z. anorg, Chem. 1932, 208, 238. 

L. O. Brockway and J. S. Anderson, Trans, Far, Soc, 1937, 33, 1233. 

W. Hieber and J. S. Anderson, Z. anorg. Chem, 1933, 211, 132. 

W. Hieber and R. Marin, ib. 1939, 240, 242. 

321 W. Manchot and H. Fischer, vide H. Fischer, Diss. Munich Techn. Hochschule, 
1937. 

322 W. Hieber and R. Nast, Z. anorg, Chem, 1940, 244, 23. 

323 W. Manchot, ib. 1924, 140, 22. 

324 W. Manchot and E. Linckh, ib. 41. 

325 Manchot and F. Huttner, Ann, 1910, 372, 172. 

32« Gmelin, Eiaen, B, pp. 471-7. 
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the red salt are formed if thiols (mercaptans) are used instead of sul- 
phides.^^*^"® A corresponding thiosulphate is also known.^^® 

These compounds may be formulated similarly to the enneacarbonyls.^^® 
The red salt and its derivatives are all of the type Fe(NO)2X, where X may 
be —S[K] (the red salt), —Cl, ——S • CgHg, —S • CeH^, or —S • SO^[K] 
(the thiosulphate). Of these, the chloride and the ethyl and phenyl esters 
have been shown to be dimeric; the red salt itselP®^ and the thiosulphate^^^ 
are diamagnetic; so that we may assume that they are all dimeric and 
diamagnetic. They presumably all have the structure 

(ON)2Fe^^^Fe(NO)2 

in which each NO group contributes as usual three electrons to the 
metallic atom. In addition each iron atom gains three electrons from the 
bridging groups and one from the Fe—Fe link, giving it the effective 
atomic number of 26 + 2 x 3 + 3+1 = 36 . The more complicated black 
salt can be explained on similar lines. 

Other ferrous salts, especially the sulphate, absorb nitric oxide to give 
the familiar dark solution. With the sulphate 1 mol. of NO is taken up 
for every Fe,®^^"^ A rather unstable red crystalline comj)ound of the 
composition FCSO4, NO has been isolated from the solution. 

The nitroprussides, with the formula M2[Fe(CN)5NO], have already 
been discussed (p. 1343 ). 

Valencies of Iron in Carbonyls and Nitrosyls 
The following are the technical valencies of the iron in some of its best 
known carbonyl and nitrosyl derivatives: 

Carbonyls: Val. 0:Fe(CO)5. 

2:Fe(CO)2(COH)2:Fe(CO)4(hal)2:M3[Fe(CN)6CO]. 

4 :Fe 2 (CO) 9 . 

Nitrosyls: Val. l:Fe2(NO)4l2. 

2: Fe(CO)2(NO)2: Fe(NO)3Cl: M2[Fe(CN)3NO]. 

4 : ? [NO].[Fe(NO)3]. 

K. A. Hofmann and O. F. Wiede, Z, anorg, Chern. 1895, 9, 301. 

328 W. Manchot and H. Gall, Ber, 1927, 60, 2318. 

32ff Manchot and S. Davidson, ib. 1929, 62, 681. 

330 R. V. G. Ewens, Nature, 1948, 161 , 530. 

331 L. Cambi and L, Szego, Atti R. 1931, vi. 13 , 168. 

332 D. M. Bose, Z, Phys. WiO, 65 , 677. 



COBALT 

In practically all its compounds cobalt has a valency of either 2 or 3, the 
divalent being the more stable form in the simple salts and the trivalent 
in the complexes; this is a common phenomenon, but it is seldom so marked 
as it is with cobalt, where the simple trivalent ion will decompose water 
with evolution of oxygen, and some of the divalent complexes will do the 
same with evolution of hydrogen. 

The cobaltous salts are derived from a strong base, and so are little 
hydrolysed. They are remarkable for their brilliant colours, being in solu¬ 
tion often pink when cold or dilute, and blue when hot or concentrated. 
The causes of these colour changes are still obscure (see later, p. 1390). 

The cobaltous ion can form complexes, but not very stable ones. The 
cobaltic complexes, on the other hand, are very numerous and stable, 
particularly the ammines, and the great majority of cobaltic salts are 
known only in the complex form; the simple cobaltic ion (standing between 
the stable ferric and the non-existent trivalent nickel ions) is so unstable 
that it nearly always oxidizes its surroundings. 

Cobalt is the least abundant of the three metals of the triad, being 
rather less than half as common as nickel. In minerals it usually occurs 
along with nickel, often as arsenide; its chief source is in Ontario, on Lake 
Temiskaming; the next most abundant source is at Katanga in the 
Belgian Congo. 

Metallic Cohalt 

Cobalt is a very hard metal (harder than steel), and resembles iron 
closely; it has a now familiar bluish-w^hite tinge. Its physical properties 
are given on p. 1317; the density is 8*8. It is ferromagnetic up to above 
1,000°, coming between iron and nickel. 

When the oxide CoO is reduced by hydrogen below a red heat it gives a 
pyrophoric powder, which catches fire in air, but is not attacked by water; 
in the compact form the metal is very resistant. It is less readily attacked 
by dilute mineral acids than iron, as we should expect since the normal 
potential to the hydrogen electrode is —0*26 volt, while that of iron in 
contact with a ferrous solution is — 0*44 volt. 

The blue pigment smalt is made hy fusing the oxide with sand and 
potash, and is a double silicate of potassium and cobalt. 

Cohalt and Hydrogen^ 

The absorption of hydrogen by metallic cobalt is small; it scarcely 
begins below 700°, and the amount absorbed varies greatly with the 
temperature of reduction, and the impurities. 

When the product of the action of cobaltous chloride on phenyl mag¬ 
nesium bromide is treated with hydrogen in the complete absence of air 
and water, a brown powder is obtained of the composition CoHg.®^ 
Similar compounds FeHg and FeHe (p. 1325), NiHa (p. 1428), and (?) CrHg 
Gmelin, Kobalt, A. 221 (1932). 

T. Weichselfelder and B. Thiede, Ann, 1926, 447, 64. 
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(VI. 1001) were prepared in the same way. The preparation of this cobalt 
hydride was repeated by Hieber et ; the hydride separated as a black 
powder very sensitive to air and moisture. On exposure for 24 hours at 
180 ° to a pressure of 240 atm. of carbon monoxide this gave a considerable 
yield of the hydride Co(CO)3COH—a larger yield than cobalt powder under 
the same conditions. 

This CoHg seems to belong to the same class of compounds as copper 
hydride (I. 111). 

Cohalt and Carbon^ 

Above 1 , 300 ° carbon dissolves in cobalt, much as it does in iron. The 
carbides C03C, CogC, and CoCg have been described, of which the first two 
seem to be fairly definite. Their structures are unknown. 

Cobalt and Nitrogen 

Apart from cobaltous azide Co(N3)2 and one or two double azides, no 
definite nitride of cobalt seems to be known. 

Cobalt and Phosphorus 

Examination of the system Co—P showed^^^ the compounds CogP, 
CoP, and C0P3 to be formed. 


MONOVALENT COBALT 

Apart from the nitrosyls and Co(CO)3COR, no compound of monovalent 
cobalt seems to have been isolated; the supposed C02O has been shown^®®"® 
to be a mixture of the metal and the oxide CoO. They may, however, occur 
in solution. Treadwell®^® claims to have reduced cyanide complexes of 
Co'" electrolytically in presence of KCN; electrometric titration of the 
product with K3Fe(CN)6 showed the presence of 95-97 per cent, of mono¬ 
valent cobalt (similar Fe' and Ni' compounds were described). 


DIVALENT COBALT 

The cobaltous salts are derived from the strong base Co(OH)2; they are 
numerous, stable, and all strong electrolytes. The ion has a relatively 
small tendency to form complexes; it is usually pink in the more, and blue 
in the less, hydrated state (see p. 1390 ). 


Cobaltous Oxide, CoO 

Cobaltous oxide can be made by heating the metal in air, or by heating 

the hydroxide or carbonate. It is also formed reversibly when the metal 

is heated in steam®^^: ^ ^ ^ ^ 

Co + HgO = CoO + Hg. 

836 Hieber, H. Schulten, and R. Marin, Z, anorg. Chem. 1939, 240, 272. 
Gmelin, A. 346. 

W. Biltz and M. Heimbrecht, Z. anorg. Chem. 1939, 241, 349. 

L. Wdhler and O. BaLz, Z. Elektrochem. 1921, 27, 413. 

G. Natta and M. Strada, Qaz. 1928, 58, 433. 

3^0 W. D. Treadwell and D. Huber, Helv. CUm. Acta, 1943, 26, 10. 

341 P. H. Emmett and J. F. Shultz, J.A.C.S. 1929, 51, 3261. 
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The ratio HgO/Hg in the gas assumes a constant value, which has been 
shown to be 67 at 450 ° and 50*5 at 470 °. 

The most reactive form of cobaltous oxide is made by^^ heating the 
carbonate in vacuo at 350 °: it then forms a very fine powder. 

As ordinarily made cobaltous oxide is an olive-green powder. It has a 
sodium chloride lattice, and so is presumably ionic in the crystal. It melts 
at 1 , 935 °®^®; on further heating it begins to lose oxygen at 2 , 800 °: at about 
3 , 150 ° the dissociation tension is 1 atm.®^^ On the other hand, it is able 
to take up more oxygen. In the finely divided form made from the car¬ 
bonate it can absorb oxygen even at 18 °®^® up to a composition of C03O4 
and beyond, but the X-ray pattern is not thereby altered, showing that the 
oxygen is only superficially adsorbed. When this oxygenated material is 
heated, the lattice changes over to that of C03O4, as is shown by the X-ray 
pattern. This again adds on oxygen up to a composition of CogOg and 
beyond, but now no further lattice change occurs on heating: it seems that 
cobaltic oxide C02O3 does not exist®^® and that the only anhydrous oxides 
of cobalt that can exist are CoO and C03O4 (see p. 1393 ). 

Cobaltous Hydroxide^ Co(OH )2 

This compound can be precipitated in a more or less hydrated form by 
adding alkali to the solution of a cobaltous salt. It is remarkable for occur¬ 
ring in two forms, one blue and the other pink.®^® The blue form, which is 
the less stable, is got by adding the alkali slowly to the cobaltous solution at 
0°. On standing or warming it changes over to the pink, which can also be 
obtained directly if the cobaltous solution is added to the alkali. If air is 
bubbled through a suspension of blue Co(OH)2 in water, some of this is 
oxidized to CoO OH, while some goes to the pink Co(OH)2. A mixed 
hydroxide of the composition 4 Co(OH)2, CoO • OH (green) is first formed, 
and this is then oxidized to CoO • OH.®^® On drying, each form without 
change of colour gives a compound of the composition CoO, HgO, or 
Co(OH) 2 ; these forms are practically identical both in their dissociation 
tensions and in their X-ray patterns, so that the difference in colour can 
only be ascribed to a difference in particle-size, which is smaller for the 
blue form. The X-ray diagram is quite different from that of CoO, and 
shows the lattice of the hydroxide to be that of brucite Mg(OH)2. 

Like ferrous hydroxide, though less readily, cobaltous hydroxide is oxi¬ 
dized by air to a hydrated form of cobaltic oxide C02O3, HgO; this is more 
rapidly produced by strong oxidizing agents such as sodium hypochlorite, 
bromine, or hydrogen peroxide, which will carry the oxidation farther to 
give the hydrated dioxide CoOg, aq. 

Cobaltous hydroxide has some amphoteric character, and wiU dissolve 

M. le Blanc and E. M6bius, Z. physikal, Chem, 1929, 142, 161. 

*** H. v. Wartenberg and W. Gurr, Z. anorg. Chem, 1931, 196, 377, 

*** W. Biltz, Z. physikal. Chem. 1909, 67, 671. 

G. F. Hiittig and R. Kassler, Z. anorg. Chem. 1930, 187, 17. 

3"^* W. Feitknecht and W. Bedert, Helv. Chim. Acta, 1941, 24, 676, 
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in excess of alkali, especially on warming, to give a deep-blue solution, 
which must almost certainly contain a cobaltous salt MgCoOg, though 
nothing can be isolated from the solution but Co(OH)2. See reference 

Cobaltous Sulphide^ CoS 

Anhydrous cobaltous sulphide is a reddish solid melting above 1,100°. 
When a cobaltous solution is treated with sodium sulphide it ife formed as 
a black precipitate, which is insoluble in water, but when freshly precipi¬ 
tated dissolves in acids; on standing it changes over into an insoluble form. 

Two other sulphides also exist, probably both cobaltous. CoSg has been 
shown to have a pyrites structure.^^® In C03S4 each cobalt atom is linked 
tetrahedrally to 4 sulphur atoms at 2*19 (theory for Co—S 2 - 29 ). At 
about 680 ° it breaks up into 2 CoS-fCoSo.^^® 

Cobalt and Selenium 

# 

X-ray powder photographs show^®^ that in CoSe2 the interatomic 
distances are Co—Se 2*43 (theory Co—Se 2 * 42 ) and Se—Se 2*49 (theory 
2 * 34 ); so this must be a pyrites structure, like that of CoSg. 

Cobaltous Halides 

Cobaltous salts of all fou^ halogens are known; these salts form a 
certain number of not very stable (complexes, which are described later. 

Cobaltous Fluoride CoFg 

Fluorint; acts on metallic cobalt to give a mixture of cobaltous and 
cobaltic fluorides C0F2 and CoF3.^^2 The difluoride can also be made by the 
action of hydrogen fluoride gas on cobaltous chloride at the ordinary 
temperature, or by deliydrating the tetrahydrate, which is formed by 
dissolving the hydroxide in hydrofluoric acid. 

Anhydrous cobaltous fluoride is a pink crystalline solid with a rutile 
lattice. The anhydrous compound will not react at all with ammonia, 
apparently because the lattice is too compact (GaFg and InFg behave in 
the same way). But ammines can be made from the hydrate: they contain 
a molecule of water, and have the composition CoFg, HgO+S, 1, and 
iNH3. 

Cobaltous fluoride is only moderately soluble in water (soF 1 * 42 / 25 °).®®^ 
It forms two tetrahydrates and is said also to give a di- and a trihydrate. 

Gmelin, A. 408. 

W. F. de Jong and H. W. V. Willems, Z. anorg. Chem. 1927, 160, 185. 

D. Limdqvist and A. Westgren, ib. 1938, 239, 85. 

M. Heimbrocht and W. Biltz, ib. 1939, 242, 229. 

B. Lewis and N. Elliott, J.A.C.S. 1940, 62, 3180. 

O. Ruff and E. Ascher, Z. anorg, Chem, 1929, 183, 194. 

E. Birk and W. Biltz, ib. 1926, 153, 122. 

W. Biltz and E. Rahlfs, ib. 1927, 166, 361. 

R. H. Carter, J. Ind, Eng, Chem. 1928, 20, 1196. 
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It is stable to water at the ordinary temperature, but at a red heat it 
reacts with it to form cobaltous oxide and hydrogen fluoride. 

Cohaltous Chloride^ CoClg 

The anhydrous salt can be made from the elements, or by the dehydra¬ 
tion of the hydrate. It is a pale-blue solid, which has the same crystal 
lattice as magnesium chloride®^®—a typical ionic lattice with 6 chlorines 
at the points of a regular octahedron round each cobalt. It melts at 736® 
(MgClg at 718®), and boils at 1,049®. It forms a series of hydrates with 
water of which the best known (with their transition points) are 

6 HjjO -> 2 H,0 -^ 1 HgO. 

52 - 25 ° 90 ° 

Hydrates with 1*5 and with 4 H 2 O are also described. The lower hydrates 
are blue-violet, the tetra- and hexahydrate pink, the last going blue on 
gentle warming. 

The salt is readily soluble in water (sol^ 34*4/25®). It is also very soluble 
in alcohol (56*2/20®), acetone (8*62/25®), methyl acetate (0*37/18°), aceto¬ 
nitrile (4*08/18®), pyridine (0*58/25®), etc. (values from SeideU). The 
aqueous solution is pink, but it goes blue on warming, or on addition of 
hydrochloric or sulphuric acid, or of soluble chlorides. (For further discus¬ 
sion of these colour changes see below, p. 1390). 

Cobaltous chloride has been used as a ' sympathetic ink ^: on pink paper 
the writing is invisible when cold, but turns blue on warming. 

Cohaltous Bromide^ CoBrg 

This is in general similar to the chloride. The anhydrous salt is bright 
green, and melts at 678®. Its molecular weight by the boiling-point in 
pyridine and in quinoline^^® is that of CoBrg, which is remarkable, as one 
would expect it to dissolve in these solvents as the ionized bromide of a 
solvated cation. 

It is very soluble in water, and both the anhydrous salt and the hexa¬ 
hydrate are hygroscopic, forming a red Uquid in moist air. The anhydrous 
salt being green, the dihydrate is purplish-blue, and the hexahydrate red. 
Solubihty in water is 200/60® ; it is very soluble in many organic solvents, 
especially in the alcohols, but it also dissolves readily in acetone (65*0/25®) 
and even in methyl acetate (10*3/18®). 

A green basic bromide is also known, of which the crystal structure has 
been determined.®®® 

Cohaltous Iodide^ Colg 

This compound occurs in two isomeric anhydrous forms. The ordinary 
a-form, made in any of the usual ways (most conveniently by heating the 

L. Patding, Proc, Nat. Acad. 1929, 15, 709, 

H. Bassett aixd W. L. BedweU, J.C.S. 1931, 2479. 

E. Beckmann, Z. anorg. Chem. 1906, 51, 242. 

W. Feitknecht and W. Lotmar, Z. Krist. 1936, 91, 136. 
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finely divided metal got from the oxalate in a stream of hydrogen iodide 
at‘ 400-450°®®®), is a black hygroscopic crystalline mass and forms the 
usual pink solution in water. If it is heated in a high vacuum®®^ it melts 
undecomposed at 515-520°, begins to give off iodine at 540°, and at 570° 
boils with some decomposition into iodine and metallic cobalt; it sublimes 
mainly as the black a-form, but to a small extent (not more than 1 per 
cent.) condenses as an ochre-yellow j8-modification, which can be freed 
from an admixture of free iodine by heating it in vacuo to 100°. This new 
form differs from the a-form not merely in the solid state, but also in its 
solution in water, which instead of being pink (like the a-) is a pale yellow, 
and if the remaining traces of iodine are removed by extraction with 
chloroform is practically colourless, and remains so for months in the cold, 
though it turns pink on warming. Its electrical conductivity is identical 
with that of the a-form; the molecular conductivity is 57 at F = 37, much 
less than that of barium iodide, but rather more than that of cadmium 
iodide. If the j8-form is heated to 400° instead of 100° in removing iodine 
it turns black, but does not seem to have undergone any serious change, 
as it still gives a practically colourless solution in water. 

The cause of this isomerism is unknown. There is, however, a similar 
case in mercuric iodide. 

Cobaltous iodide forms a series of hydrates; perhaps 9 HgO: 6 HgO, 
dark-red hygroscopic: 4 HgO, separating from a hot solution, green: 
2 HgO, separating above 100°, also green. The concentrated aqueous 
solution below 20° is dark red, while above 35° it is bright green. 

The salt is soluble in many organic solvents, the solutions often being 
blue. 

Cobaltous Cyanide^ Co(CN )2 

This occurs in the anhydrous state, and also as a trihydrate and probably 
a dihydrate. When an equivalent of potassium cyanide is added to a 
cobaltous solution, an insoluble precipitate of the trihydrate is formed, 
which can be dehydrated in a stream of nitrogen at 250°.®®® It then forms 
a blue crystalline powder which very readily takes up water. It is insoluble 
in water, but easily dissolves in a solution of potassium cyanide, 
ammonia, etc.; with potassium cyanide it forms in the cold a cobalto- 
cyanide K 4 CoCye, but on warming this is oxidized by the water to the 
cobalticyanide KjCoCye, with evolution of hydrogen. 

Cobaltous Thiocyanate^ Co(CNS )2 

This occurs with 3, and 4 molecules of water. The tetrahydrate forms 
deep red-violet very hygroscopic crystals, dissolving in water to form a 
dark-blue solution, which turns red on dilution. The change of colour 
seems to be due to the complex formation.®®® 

W. Biltz and E. Birk, Z. anorg. Chem. 1923, 127, 34. 

E. Birk and W. Biltz, ib. 1923, 128, 45. 

W. Biltz, W. Eschweiler, and A. Bodensiek, ib. 1928, 170, 161. 

A. V. Kiss and P. Csokan, Z. phyaikal. Chem. 1941, 188, 27. 
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The electrical conductivity is small, and indicates that i = 2 in 1-5 per 
cent, solution, and 2*5 in 0*8 per cent, solution. This suggests the forma¬ 
tion of autocomplexes such as [Co(OH 2 ) 5 CNS]CNS.®®^ 

Cobaltous thiocyanate is soluble in many organic solvents, these solu¬ 
tions being always dark blue, whatever the temperature or concentration. 

Cobaltous Carbonate^ C0CO3 

This is found almost pure in the mineral cobalt spar, and also often in 
isomorphous mixtures with magnesium and ferrous carbonates. 

The precipitate formed when an alkaline carbonate is added to a cobal¬ 
tous solution is ordinarily a basic carbonate, owing to hydrolysis; but in 
presence of an atmosphere pressure of carbon dioxide the neutral car¬ 
bonate is precipitated as the violet-red hexahydrate CoCOg, 6 HgO. If 
this is heated in a sealed tube at 140° it is converted into the anhydrous 
carbonate, a pale red powder. The precipitated hydrated carbonate 
tends®*^ (like cobaltous oxide) to be oxidized by air, and is pure only if it 
is precipitated in an oxygen-free atmosphere. At 350° in a high vacuum 
cobaltous carbonate is completely converted into cobaltous oxide. 

The solubility of the carbonate in water is small, 2*73 mg./15°. 

Cobaltous Formate^ Co(0 *0110)2 

The dihydrate is a pink salt which can be dehydrated at 140°*®^; 
soF in water 4*06/20°.^®® The solution is pink. 

Cobaltous AcetatCy Co (0 * CO * 0113)2 

The anhydrous salt is pink^®®; the tetrahydrate is deep red, and is 
isomorphous with the acetates of magnesium, manganese, nickel, and zinc. 
It is easily soluble in water, giving a yed solution; soF in glacial acetic 
acid 16*8/25°. 

Cobaltous OxalatSy Co[C204]2 

The ordinary form is the dihydrate, which is pink; a yellowish-pink 
tetrahydrate also occurs, and the anhydrous salt can be made. Cobaltous 
oxalate is almost insoluble in water (2*1 mg./18°); this is perhaps a sign 
that it is not complex. It is readily soluble in strong ammonia solution, 
or in ammonium carbonate, with the formation of complexes. 

Cobaltous NitratCy CofN03]2 

At low temperatures this salt forms an enneahydrate (+9 HgO), going 
over at 21° to the ordinary hexahydrate, red hygroscopic crystals; this 
changes at 55*5° into a trihydrate which melts at 91° and decomposes at 
higher temperatures®®*^; the hexahydrate forms mixed crystals with the 
corresponding nickel salt. SoF in water 103/25°. 

A. Hantzsch and F. Schlegel, Z. anorg, Chem, 1927, 159, 296. 

365 Y, Ephraim and E. Rosenberg, Ber. 1918, 51, 134. 

W. Lessen and G. Voss, Ann, 1891, 266, 46. 

R. Funk, Ber. 1899, 32, 96; Z. onorg. Ch^m, 1899, 20, 408. 
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The aqueous solution is always i)ink, and has no tendency to turn blue, 
which is taken to show that the nitrate forms no complexes; true complex 
nitrates are very rare. Copper nitrate behaves in the same way.®®® 

Cobaltous nitrate is easily soluble in many organic solvents such as 
alcohols, acetone, and methyl acetate; soF in the last 16*4/15°. 

\Gohaltous Nitrite 

This can be made in solution, but it has never been isolated, although 
complex cobalto-nitrites are known.] 

Cobaltous Sulphate^ Co[S04] 

The heptahydrate, which occurs as the mineral bieberite, is carmine, 
and is isomorphous with FeS 04 , 7 H 2 O; it is in fact a vitriol. At 41*5° it 
goes over to the hexahydrate, and at 71° this changes to the monohydrate, 
which is isomorphous with kieserite, MgS 04 , HgO.®®® All these three 
hydrates are monoclinic. Tetra- and dihydrates have been described, but 
seem to be doubtful.®^® The hexa- and monohydrates are isomorphous 
with the corresponding nickel salts, and form mixed crystals with them.®*^^ 

The sol^ in water is 39*3/25°. It rises with the temperature up to about 
100 °, and then falls off, as happens with many sulphates (compare Na 2 S 04 ), 
being less at 145° than at 15°. 

A basic sulphate C 0 SO 4 , 3 Co(OH )2 can be prepared, the lattice of which 
has been shown to contain alternate layers of sulphate and hydroxide 
ions.®’® 

Cobaltous Sulphite 

The pentahydrate C 0 SO 3 , 5 H 2 O is a reddish salt, only slightly soluble 
in water. It readily forms double salts. 

Cobaltous Sulphoxylate Co[ 0 —S— 0 ] 

This compound,®’® which is remarkable as being the only certain salt of 
sulphoxylic acid, has already been described under that acid (VI. 905). 
It is formed along with ammonium sulphite when sodium hyposulphite 
Na 2 S 204 is treated with cobaltous acetate and ammonia: 

C 0 S 2 O 4 + 2 NH 4 OH = C 0 SO 2 + (NH 4 )SOs + HaO. 

The reaction can be represented as a hydrolysis of the free acid thus: 

O HO~^OH 

HO~S—0—+ 

+ 

H—OH 


N. V. Sidgwick and H. T. Tizard, J.C.S. 1908, 93, 187. 

**• A. Benrath, Z. anorg, Chem. 1931, 202, 168. 

N. Demassieux and B. Fedoroff, C.R. 1939, 208, 1223. 

A. Benrath and W. Thiemann, Z. anorg. Chem, 1934, 217, 347. 
872 Feitknecht and Gr. Fischer, Helv, Chim. Acta,, 1935, 18, 40. 

B. Beholder and G. Denk, Z. anorg, Chem. 1935, 222, 17. 
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The salt is very unstable, and decomposes when attempts are made to 
convert it into the sulphoxylates of other metals. 


Cohaltous Chlorate, Co(0103)3 

This salt^^^ forms three hydrates, with the following colours and transi¬ 
tion points: 


6 H 2 O (dark red) 


18 - 6 ° 


4 HgO (dark red) 


62 ° 

—> 2 HgO (pale red). 


It is relatively unstable; it decomposes below 100 ° and probably at 61°; 
the dihydrate is made by dehydrating the tetrahydrate over phosphorus 
pentoxide. It is extremely soluble in water, 180*8/21°. 


Cohaltous lodate, 00(103)3 

This forms a metastable red tetrahydrate and a blue dihydrate which at 
65° goes over into the blue anhydrous salt; the changes are very sluggish. 
The salt is only slightly soluble in water, 0*52/30°. 


Cohaltous Perchlorate, 00(0104)3 

The anhydrous salt cannot be prepared, but hydrates are known with 
9, 7, 6 , and 5 molecules of water; these are all red or dark red (the aqueous 
solution of cobaltic perchlorate 00 ( 0104)3 is blue). 

The salt is extremely soluble in water, soF 254*5/26°. 


COMPLEX COMPOUNDS OF DIVALENT COBALT 

The divalent cobalt atom has a certain tendency to form complexes, 
though nothing like so much as the trivalent; thus Gmelin’s Handbuch 
gives to the cohaltous ammines 37 pages, and to the cobaltic 335. The 
difference is to be expected, but it is unusually marked with cobalt, the 
trivalent atom being one of the most powerful of complex builders,* along 
with trivalent chromium and di- and tetravalent platinum, while divalent 
cobalt does not stand very high in this respect among the divalent 
elements. Its affinity in these complexes is greatest for nitrogen and next 
greatest for oxygen; but complex cyanides, thiocyanates, and halides 
are also formed. In its divalent complexes the covalency of the cobalt 
is usually 4, but sometimes 6 , and other values are found (in cobaltic 
complexes it is always 6 ). 

Complex Cohaltous Cyanides 

Cobalt, like iron, forms two series of hexacyano-complexes, in one of 
which it is divalent, and in the other trivalent, the formulae being M 4 CoCye 
and MgCoCye. ®Bt while the latter are very stable, more so than the 

* The element with the greatest power of complex formation is in a sense trivalent 
gold, since it forms no compoimds which are not complex; but the range of its com¬ 
plexes is limited. 




A. Meusser, Ber. 1902, 35, 1418. 
M m 
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corresponding compounds of trivalent chromium, manganese, iron, etc., the 
cobaltocyanides are very unstable,not that the CN groups are loosely 
attached, but that the salts are very readily oxidized to cobalticyanides. 
The potassium salt, K 4 CoCy 6 , will crystallize from mixed solutions of its 
components at low temperatures; it is violet, and gives a deep red solu¬ 
tion*’®”'^ ; the sodium salt is similar. The aqueous solutions of these salts 
are very readily oxidized by air to the cobalticyanides, and in the absence 
of air they will even decompose the water with evolution of hydrogen.*’®"® 

Complex Cohaltous Cyanates 

A rather unstable potassium salt K 2 [Co(CNO) 4 ] has been made.*®^^ 

Complex Cohaltous Thiocyanates^ 

While the complex ferrous thiocyanates (which are few) are all of the 
type M 4 Fe(CNS)e, the cohaltous thiocyanates are all of the 4-covalent 
form M 2 [Co{CNS) 4 ]. 

The salts are moderately stable, and can be recrystallized unchanged 
from water. The solids are blue; the aqueous solution is also blue when 
it is concentrated, but on dilution it turns pink; this is presumably due to 
a breakdown of the complex, a conclusion which is supported by the 
measurements of the transport numbers,*®*"^ and by the fact that an 
alkaline hydroxide will precipitate cohaltous hydroxide from the solution. 

These salts, like many simple thiocyanates, are readily soluble in 
organic solvents; thus the sodium salt Na 2 Co(CNS) 4 , 8 HgO gives deep 
blue solutions of considerable concentrations in methyl, ethyl, and amyl 
alcohols, in acetone, and in aqueous ether*®*»*®®; indeed the ammonium 
and potassium salts can be extracted from the aqueous solution with amyl 
alcohol.*®®"’ The salts of the alkalies, alkaline earths, and amines are 
mostly soluble, and contain rather large amounts of water of crystalliza¬ 
tion, perhaps on account of the large size of the anion; thus we have 
Na, 8 HgO*®*; Ba, 8 HgO*®®; K, 4 HgO*®®; NH 4 , 4 HaO*®* 

The mercuric salt HgCo(CNS) 4 , which is anhydrous and extremely 

878 Yir. Biltz, W. Eschweiler, and A. Bodensiek, Z. anorg. Chem, 1928, 170, 172. 

A. Descamps, BvU. Soc, Chim, 1879, [2] 31, 62. 

A. Rosenheim and I. Koppel, Z. anorg, Chem, 1898, 17, 67. 

R. Peters, Z. phyaikal. Chem, 1898, 26, 217. 

W. Nemst and A. Lessing, Q6tt, Nachr, 1902, 168. 

J. Sand, Ber, 1903, 36, 1441. 

R. Ripan, Bui. Soc, Stiinte Cluj, 1929, 4, 146. 

On the very obscure question of the structure of the complex thiocyanates see 
J. W. Jefifery, Nature, 1947, 159, 610. 

A. Rosenheim and R. Cohn, Z. anorg. Chem. 1901, 27, 289. 

>•* A. Hantzsch and Y. Shibata, ib. 1912, 73, 317. 

A. de Sweemer, Natuurwet. Tijds. 1933, 15, 14. 

A. Grossmann, Z. anorg. Chem. 1908, 58, 269. 

F. P. Treadwell and E. Vogt, ib. 1901, 26, 109. 

V, Cuvelier, Natuurwet, Tijda. 1933, 15, 177. 
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insoluble, will detect 0 * 10 , 0 - 12 , and 0-58 mg. respectively of mercuric, 
cobaltous, and thiocyanate ions.^®® 


Cohaltous Ammines^^^ 

The great majority of cobaltous salts will take up ammonia. If we 
disregard those in which the ammonia tension is very great, we find that 
the number of ammonia molecules taken up does not exceed 6 , and often 
falls below it, the usual numbers being 6 , 4, and 2 . Substituted amines, 
alkylamines, and substituted alkylamines,^®^"^ pyridine and quinoline, and 
even arylamines and oximes can replace ammonia, but usually form less 
stable complexes, and with lower co-ordination numbers. Certain dia¬ 
mines, especially ethylene diamine, form cyclic (chelate) complexes of 
considerable stability. 

The cobaltous ammines are not in any case of great stability, often less 
stable than the nickelous,®®® and they are usually decomposed by water; 
but with the more tenacious ethylene diamine molecule this does not 
happen, and cobaltous hydroxide will dissolve in an aqueous solution of 
the diamine, no doubt to form the ion [Co(en)J^^, though as no compound 
could be isolated we do not know the value of 

The hexammines are presumably fully ionized salts of the type 

[Co(NH3)e]X,; 


the diammines, on the other hand, appear to be non-ionized compounds of 
the general form 


X\ /NH 3 
>Co( ^ 
X/ \NH, 


the structure of the tetrammines is not certain, and probably varies. These 
suggestions are supported by the behaviour of the compounds in question, 
and especially by their stereochemistry. The hexammines of cobaltous 
chloride and iodide have been shown by X-ray analysis to have the 
6 NH 3 groups aiTanged round the cobalt at the points of a regular octa¬ 
hedron,which is the arrangement to be expected for an ion [Co(NH 3 ) 6 ]; 
they are all paramagnetic.®®® The diammines, on the other hand, exhibit 
an isomerism (see below) which can best be explained by supposing that 
the four covalencies of the cobalt lie in a plane, admitting of cis and trans 
isomers: 

HaN\ /X ^'X 

cis 7 fCo\ and trans /Co^ 

\X X/ ^NHa 

S. Augusti, Oaz. 1934, 64, 33. Gmelin, Kobalt, B. 9-46 (1930). 

A. Tettamanzi and B. Carli, Oaz. 1934, 64, 316 (N(CHa-CHjOH)a). 

»•« W. Hieber and E. Levy, Z. anorg. Chem. 1934, 219, 225 (N(CH,-CH,OH)s and 
(C,H,),N.CH..CHaOH). 

»»» T. L. Davis and A. V. Logan, J.A.C.S. 1940, 62, 1276. 

394 Traube and B. Loewe, Ber. 1914, 47, 1911. 

P. Stoll, Disa. Zurich, 1926. 

D. P. Mellor and R. J. Goldacre, Proc. Boy. Soc. N.S. Wales, 1940, 73, 233. 
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The idea that the hexammines are ionized completely and the diam- 
mines not at all is supported by the observation*®’”® that the order of 
stability in the hexammines is Cl < Br < I, and in the diammines 
Cl > Br > I; this would be natural if in the former the halogen atoms are 
ionized, while in the latter they form part of the complex. 

The evidence for the planar structure of these diammines X 2 Co(NR 3 ) 2 *®® 
is much the same as that given by Werner for the platinous analogues. 
Many of them occur in pairs of isomers differing in colour (one blue and 
the other violet or pink) even in solution. They are usually monotropic, 
and the stable form, which may be either the blue or the violet, is obtained 
by any slow method of preparation, but by sudden precipitation from solu¬ 
tion or rapid breaking down of the hexammine at a higher temperature, 
the metastable form is produced. In CoCl 2 py 2 the change from one form 
to the other is easy^®®; both give the same colour and the same (mono¬ 
meric) freezing-point depression in bromoform; in water and in methyl 
alcohol both give the same highly conducting solution, from which silver 
nitrate precipitates all the chlorine, so that in these solvents they are 
clearly ionized. 

The observation that the solid form obtained depends on the solvent 
(the stable violet form separates from chloroform on slow eva])oration, but 
the blue form is precipitated on adding ligroin) has been made with other 
isomers as well. It is obvious that the same solid form must be stable in 
contact with any solvent, and the explanation evidently is that in a 
particular solvent the metastable form may be present in excess, and if it 
is suddenly precipitated will come out as such, whereas if it is given time 
it will go over into the stable one. This explanation has been shown to be 
true in other cases.'*®^ 

Hantzsch gives a list of these isomeric cobaltic diammines and similar 
compounds, with their reactive stabilities. This list, slightly enlarged, is 
as follows: 


Compound 

Blue 

Violet 

CoC1,(NH3)j‘' 

Stable 

Metaetable 

(pink) 

CoClgpya 

Metastable 

Stable 

CoBr3(NH3)j.« 

Metastable 

Stable 

CoBr^pya 

Stable 

[Not isolated] 

Compound 

Col2(NH3),« 

Co(SCN)apy3 

CoC4(H,0)j'> 

CoCla(CHsOH)a 

Blue 

Stable 

Only in soln. 

? Unstable ? 

Stable 

Violet 

Metastable 

Stable 

Stable 

[Not isolated] 


a = 5 _ 402 


The more recent evidence that many of the later transitional elements 
can have this planar arrangement has greatly strengthened Hantzsch's 

W. Biltz and B. Fetkenheuer, Z, anorg. Ghem. 1914, 89, 97. 

F. Ephraim, Ber, 1915, 4S, 628. 

A. Hantzsch, Z. anorg, Chem. 1927, 159, 278. 

D. P. Mellor and B. S. Morris, Proc, Roy. Soc. N.S. WaleSt 1938, 71, 536. 

See, for example, the formaldehyde phehylhydrazones: N. V. Sidgwick and 
E. K. Ewbank, J,C,S. 1921, 119, 486. 
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conclusion. The two forms of CoCl 2 py 2 have recently^®® been shown to 
differ considerably in their magnetic moments, that of the stable violet 
form being 5*34, and that of the blue 4*60, at 20°. This is not easy to 
explain. 

N itro-complexes 

These are also far less stable in the cobalto- than in the cobalti-series. 
A few are known,mostly of the type M2Co(N02)4: they are relatively 
insoluble. Thus we have K2[Co(N02)4], HgO, insoluble in cold water, 
soluble in hot to give a pink solution; Tl 2 [Co(N 02 ) 4 ], orange crystals, 
slightly soluble in water, and readily oxidized to the cobaltic state. 

Oxygen Complexes 

The non-chelate oxygen complexes of divalent cobalt are weak. Cobal- 
tous salts are usually hydrated, and also solvated by organic solvents such 
as the alcohols; the hydrates in most cases contain 6 and the alcoholates 
2 or 3 molecules of solvent. 

A double cobaltous nitrate (pyH) 3 [Co(N 03 ) 5 ] has been made^*^’; it is red 
and stable in air; there is no evidence that it is truly complex. 

A double formate Ba 2 [Co(HCO O)e], 4H 2 O has been described^®®; it 
is reddish-violet, not very soluble in water, and isoraorphous with the 
corresponding BaCu'", BaNi, and BaZn salts. 

‘Ato’ compounds—double salts of dibasic oxyacids—are numerous; 
they are formed by sulphates, sulphites, carbonates, oxalates, etc., as well 
as by )S-diketones. These, being chelate, are naturally more stable, and 
many of them give evidence of complexity. 

Carhonato-Compounds 

These are made by the action of an alkaline carbonate or bicarbonate 
solution on a cobaltous salt^®®"^®; they are all dichelate (cobalt 4-covalent). 
They are usually red salts with 4 H 2 O. The potassium salt 

K2[Co(C03)2],4H20 

loses all its water in a stream of carbon dioxide at 100-20°, and then turns 
violet. 

These salts are decomposed by water, but can be recrystallized from 
alkaline carbonate or bicarbonate solutions; their solubility in such solu¬ 
tions indicates the formation of true carbonato-complexes, but they do not 
seem to be very stable. 

J. Bersch, Ber. Wien, Akad, 1807, 56, ii. 724. 

*0* E. D. P. Barkworth and S. Sugden, Nature, 1937, 139, 374. 

V. Cuttica and G. Carobbi, Qaz. 1922, 52, ii. 277. 

V. Cuttica and M. Paoletti, ib. 279. 

L. Pincussohn, Z. anorg. Chem, 1897, 14, 390. 

W. Lessen and G. Voss, Ann, 1891, 266, 45. 

♦09 M. P. Applebey and K. W. Lane, J.C.S, 1918, 113, 611. 

" “lo F. de Carli, Atti R, 1929, [vi] 9, 417. 
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Oxalato-complexes 

Cobaltous oxalate, which is almost insoluble in water, readily dissolves 
in a solution of an alkaline oxalate, and double salts can be made in this 
way. There is thus no doubt that true complexes are formed, but transport 
measurements show that they are considerably broken down in solution.^^^ 
The known salts are nearly all of the type MgCoOxg, x H 2 O (no Li salt; 
Na, 4 H 20 "i 2 . k, 6 H 20413 . NH 4 , 6 Ephraim ha 8 “ obtained one 

salt of the 6 -covalent type (NH 4 ) 4 CoOx 3 , 6 H 2 O. It forms pink crystals 
and can be recrystallized from water; the concentrated aqueous solution 
is dark violet. 

Some obscure double sulphites and some double sulphates with no signs 
of complexity have been prepared. 

Chelate ^-diketone Compounds 

Cobalt forms several types of derivatives of acetylacetone(C 6 H 802 = HA), 
the simple cobaltous and cobaltic compounds C 0 A 2 and C 0 A 3 , and also a 
salt derived from the former, in which the divalent cobalt atom is able to 
acquire the stable trichelate grouping as a monovalent anion M[CoA 3 ]. 

Cobaltous acetylacetonate Co(C 5 H 702)2 can be made^^^ by the action of 
the diketone on cobaltous hydroxide. It forms rubj^-red crystals which 
sublime without melting, and give a red vapour, whose density corresponds 
to the simple formula. It is soluble in water and in most organic solvents. 
The 4-covalent cobalt atom is evidently co-ordinately unsaturated, and so 
ready for further co-ordination; thus it crystallizes from alcohol or ace¬ 
tone with one molecule of solvent of crystallization, and it forms diam- 
mines with ammonia and pjo-idine. The formation of the trichelate 
compound described in the next section is further evidence of this. 

Sodium Cobaltous Acetylacetonate 

If a cobaltinitrite M 3 [Co(N 02 ) 6 ] is treated with sodium acetylacetonate 
it gives the cobaltic salt Na[CoA 2 (N 02 ) 2 ], and when this is further treated 
with excess of sodium acetylacetonate the trivalent cobalt is reduced, and 
the complex cobaltous acetylacetonate Na[Co''A 3 ] is formed. This consists 
of pale pink needles: it differs sharply from the simple CoAg in being 
insoluble in water and alcohol, the co-ordinately unsaturated 4-covalent 
atom having been converted into a saturated 6 -covalent one.^^® 

Other j 8 -diketones appear to behave in the same way. 

It is to be noticed that divalent atoms of the non-transitional elements 
like the alkahne earths (II A) and zinc cadmium and mercury (IIB) do 
not behave in this way, in IIA probably because they have less tendency 

J. Vranek, Z. Elektrochem. 1917, 23, 337. 

J. W. Dodgson, Proc. Chem. Soc. 1911, 27, 261. 

S. Deakin, M. Scott, and B, D. Steele, Z. phyaikal. Chem, 1909; 69, 129. 

F. Ephraim, Ber, 1909, 42, 3856. 

41S F. Gach, Mon. 1900, 21, 106. 

A. Rosenheim and A. Garfunkel, Ber. 1911, 44, 1873. 
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to covalency formation (owing to the large size and inert gas number of 
the cation) and in IIB because for some reason ^hese elements have a very 
slight tendency to increase the covalency from 4 to 6 . 

Complex Cohaltous Halides 

Double (presumably complex) cobaltous halides are known with all four 
halogens, the chlorides being by far the most numerous. They are almost 
confined to the alkalies and the nitrogenous organic bases, such as ammonia 
and the amines; they are not formed by beryllium, nor, with the excep¬ 
tion of one double magnesium chloride, by the alkaline earths. They are 
of all types from MC 0 X 3 to M 4 CoXe, but the commonest is M 2 C 0 X 4 . A 
fairly complete list of the known salts^^^"^® gives the following numbers of 
each type: 



MC 0 X 3 

M 2 C 0 X 4 

M 3 C 0 X 5 

M 4 C 0 X 3 

X = F 

2 

2 


,, 

Cl 

3 

7 

1 

3 

Br 


6 

1 

2 

I 


3 


1 

Total 

5 

18 

2 

6 


A list of the salts with their colours and degree of hydration follows: 
Fluorides. MC 0 F 3 : Na, HgO, pink; K, HgO, red. 

M 2 C 0 F 4 : K, 0 , pink; NH 4 , 2 H 2 O, red; 0 , blue. 

Chlorides. MC 0 CI 3 : Li, ? 5 H 2 O, blue; Cs, anhy. blue; 2 H 2 O, violet; 
Rb, 2 H 2 O. 

M 2 C 0 CI 4 : NH 4 , 2 HgO, enH 2 0 , blue; 6 H 2 O, pale green; pyH 0 H 2 O, 
blue; quinH 0 H 2 O, blue; 1 H 2 O, blue; 2 H 2 O, green; Rb, 0 H 2 O, 
blue; 2 H 2 O, lilac; Cs 0 , blue; Mg, 8 H 2 O, dark blue. 

M 3 C 0 CI 5 : Cs, 0 , blue. 

M 4 CoCle: Li, 10 H 2 O; (NH 4 ) 2 (pyH) 2 , 3 H 2 O, pale blue; enHg, 0 , blue. 
Bromides. M 2 CoBr 4 : pyH, blue; quinaldineH, enHg, 2 H 2 O, blue; pyH, 
0 and 2 H 2 O, both greenish-blue; quinH 0 , dark blue; 2 H 2 O blue- 
green; Cs, green. 

M 3 CoBr 5 : Cs, 0 , green. 

M 4 CoBr 6 . Li, 12 H 2 O, blue; enH 2 , 0, blue. 

Iodides. M 2 C 0 I 4 : quinH, 0 , green; py. H, 0 , blue; Cs, green. 

M 4 CoIe: ? enHg, not got pure. 

The salt CS 3 C 0 CI 5 , apparently of the rare 5-covalent type, has been 
shown^^® to contain not the complex CoCls but C 0 CI 4 , the fifth chlorine 
being at a distance: it may be written Cs 3 [CoCl 4 ]Cl. 

The 6 -covalent complexes are very few, which is remarkable because 
compounds in which a cobaltous atom is co-ordinated with 6 molecules of 

<17 See Gmelin, A. 398-461. «« H. W. Foote, Am. J. Sci. 1927, 13, 158. 

<i» E. G. V. Percival and W. Wardlaw, J.C.S. 1929, 1505. 

<20 H. M. Powell and A. F. Wells, ib. 1935, 359. 
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water, ammonia, methylamine, or pyridine, or with 6 CN groups, are 
knownbut it appears that these hexahalides are very soluble, and can 
only be induced to crystallize out if the monovalent halide is very soluble 
too: of the alkaline halides it appears that only lithium halides are suflS- 
ciently soluble, the other known hexahalides being all formed by organic 
bases.^^^ 

The double chloride of cobalt and ammonium has a peculiar behaviour. 
No definite double salt can be isolated; the two chlorides separate from 
water as a continuous series of solid solutions, but the positions of the 
solid-liquid tie-lines suggest the occurrence of a double salt of the composi¬ 
tion (NH 4 ) 2 [CoCl 4 ], 2 H 2 O, forming a continuous series of solid solutions 
with both its component salts Something of the same kind seems to 
happen in the system LiCl, CoClg.^^^ 

Colour and Constitution of Cobaltous Compounds 

The sharp change of colour of cobaltous salts both in the solid state 
and in solution, from pink to blue and vice versa, has long been known and 
has been much discussed. 

The colours of cobaltous compoimds range from pink or red to pure blue, 
and though all intermediate tints can be found, there is a strong tendency 
for the extremes of colour to occur. It is found that in the pink state 
the positions of the absorption bands are practically always the same, the 
strongest being at 5,100 A, while in the blue state they vary somewhat, the 
wave-lengths increasing a little with the molecular weight of the com- 
plex.^^^ The blue colour is much more intense (nearly 90 times)^^^ than the 
pink, so that a very small amount of it can entirely mask the pink to the 

* It is not uncommon for the co-ordination number of an atom to be higher in 
ammines than in acidic compounds, or in the cyanides than in the halides. 

J. Meyer and K. Hoehne, Z. anorg, Chem. 1935, 222, 161. 

422 F. W. J. Clendinnen, J.C.S. 1922, 121, 801. 

4*3 A. C. D. Rivett and F. W. J. Clendinnen, ib. 1923, 123, 1634. 

424 A. Benrath, Z, anorg. Chem. 1927, 163, 396. 

4*4 A. Ferrari and A. Baroni, Atti. R. 1928, [vi] 7, 848. 

42® See Gmelin, Kobalt^ A. 490-502 (1932) for an account of the work done up to 
that date. 

42’ R. Hill and O. R. Howell, Phil. Mag. 1924, 48, 833. [This is discussed by 
R. W. James, J. West, and A. J. Bradley in Ann. Rep. Chem. Soc. 1927, 24, 288.] 

428 O. R. Howell, J.C.S. 1927, 158. 

428 Id., ib. 2039. 4S0 ^^ 5 , 2843. 431 ib. 1929, 162. 

4*2 O. R. Howell and A. Jackson, Proc. Roy. Soc 1933, 142, 587. 

43* Id., ib. 1936, 155, 33. 484 j^c.S. 1936, 1268. 

«4 Id., ib. 1937, 621. 436 ib. 973. 

4*’ I. Rohde and E. Vogt, Z. phyaikaL Chem. 1932, B. 15, 363, 

«« R. J. Macwalter and S. Barratt, J.C.S. 1934, 517. 

4** H. Grime and J. A. Santos, Z. Krist. 1934, 88, 136. 

440 H. Dirking, Z. anorg. Chem. 1937, 233, 321. 

441 A. V. Kiss and M. Richter, Z. phyaikal. Chem. 1940, 187, 211. 

442 M. L, Schultz and E. F. Lilek, J.A.C.S. 1942, 64, 2748. 
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eye. Thus Rohde found^^’ that in a solution of cobaltous chloride in pyri¬ 
dine at 50°, which looks imre blue, spectroscopic measurements showed 
only a tenth of the cobalt to be present in the blue form. These differences 
of colour occur in the solid state, and in solutions in water and other 
solvents. 

In solution the pink form is favoured by dilution, by using water as the 
solvent, by the absence of ocher salts (e.g. of alkalies), and by a low tempera¬ 
ture ; the opposite conditions favour the blue form. It is remarkable that 
while the addition of potassium or hydrogen chloride to the pink aqueous 
solution of cobaltous chloride will turn it blue, the addition of zinc or 
mercuric chloride to the blue alcoholic solution of the same cobaltous salt 
will turn it pink. The change from pink to blue occurs much less readily 
with the salts of oxy-acids (such as the nitrate or sulphate), than with the 
halides or the thiocyanate (in all these points cupric compounds behave 
very similarly). 

In 1902 Donnan and Bassett showed^^^ that in the blue solution of the 
chloride in water the blue colour migrated on electrolysis to the anode, 
and so must have a negative charge; they assumed it to be [CoCla]” or 
[C 0 CI 4 ] . Hantzsch^^® considered that the blue compound was less 

hydrated, and was not dissociated, the two compounds being [Co(H 20 )e]Cl 2 
(pink), and [Co(HoO) 2 Cl 2 ]° (blue). These two vif^ws agree in supposing that 
the blue is due to a halide complex, while the pink is the colour of the 
simple ion in which the cobalt is attached only to water, an undoubtedly 
weaker hnk. They differ only as to whether the complex is ionized or not. 
All the conditions that promote the blue colour would favour the forma¬ 
tion of such complexes. Further, if the alcoholic solution of cobaltous 
chloride, which is blue, and so must be supposed to contain a large propor¬ 
tion of the complex cobaltous anion, is treated with the chloride of mer¬ 
cury or zinc, which have a stronger tendency to form complex hahdes than 
divalent cobalt, they will remove the chlorine ions, and we shall have 
present the salt of the simple Co" cation and the complex mercuric or zinc 
anion; hence the colour should change to pink, as in fact it is found to do. 
This conclusion was supported by the transport measurements of Kohl- 
schiitter^^^ and Denham,and by the electrical and optical measurements 
of Gr6h.^46-7 

Much further work has been done on the absorption and other physical 
properties of the solutions (see, for example, Howell,^^’^"^® and refs. 438 . 442 ^^ 
but no definite conclusion has been reached. 

The soUd phases of the complex halides are usually pink when highly 
solvated, and blue when less so, which agrees with the above ideas. On 

F. G- Donnan and H. Bassett, J.C,S, 1902, 81, 939. 

V. Kohlschiitter, Ber. 1904, 37, 1153. 

H. G. Denham, Z. physikal. Chem. 1908, 65, 641. 

J. Gr6h, Z. anorg, Chem. 1925, 146, 305. 

J. Gr6h and R. Sclimid, ib. 1927, 162, 321. 

A. Hantzsch, Z. anorg. Chem. 1927, 159, 273. 
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Donnan and Bassett’s theory all the complex halides should be blue (of 
the simple anhydrous halides the colours are CoFg pink, CoClg pale blue, 
CoBrg green, and Colg in its two forms yellow and black); the following 
hst, taken from Meyer and Hoehne,^*^ with a few additions, shows that this 
is nearly always so: 



Colours in the Solid State 


[Co(H,0)4]F. . 

red 

CsCCoCls] 

pale blue 

[Co(H,0).]F, . 

red 

Rb,[CoCl4] . 

green-blue 

[Ck)(H.O),]Cl, . 

pink 

Cs,[CoCl3] 

blue 

[Co(HjO),]Br, 

red 

Li^ECoCl,] . 

dark blue 

[Co(H.O),]I, . 

red 

(enH.)3[CoCl,] 

blue 

[Co(NH3)5H,0]F, . 

red 

(NH4)3(pyH)3[CoCl,], 6 H^O 

blue 

[Co(NH,),]Cl. 

red 



[Co(NH,),]Br, 

pink 

Li.CCoBr,], 12 H,0 . 

blue 

[Co(NH,),]I, . 

deep pink 

(enHjjjECoBr,] 

deep blue 

[Co(H,0)J++ ion . 

pink 



The fact that all the hexahalides are blue and the hexammines 

pink cer- 

tainly suggests that it is 

the electrical condition rather than the co-ordina- 


tion number which determines the colour. 

Howell^ 27 , 43 o examined the colours of a series of pigments, that is, 
coloured insoluble crystalline compounds of cobalt; some of these are red 
and others blue, and the positions of the absorption bands in the two classes 
are the same as in the red and blue solutions respectively. He showed that 
whenever the cobalt had four nearest neighbours the pigment was blue, 
and when it had six it was red; in this way he predicted some structures 
which have since been confirmed by X-ray analysis.^^^^ Anhydrous 
cobaltous chloride is, however, anomalous; the cobalt has six nearest 
neighbours, and so it should be red, whereas it is pale blue. On cooling 
with liquid air it turns red, but there is no corresponding change in the 
crystal lattice. 

The problem is obviously by no means solved; perhaps the most prob¬ 
able suggestion is that of Donnan and Bassett that divalent cobalt is pink 
in a cation and blue in an anion, but a number of difficulties still remain. 

COBALTIC COMPOUNDS 

The trivalent state of cobalt is excessively unstable in the simple ion and 
its salts, but in the complexes it is more stable than the divalent. The 
simple cobaltic salts are produced from the cobaltous only by the action 
of the strongest oxidizing agents, such as electrolytic oxidation,^®^ or 
treatment in solution with fluorine,ozone,or such reagents as sodium 
bismuthate.^^® They are very unstable and are readily decomposed 

J. Meyer and K. Hoehne, Z. anorg. Chem, 1935, 222, 161. 

W. H. Zachariasen, Norsk, Qeol. TidskrifU 1926, 9, 66. 

W. L. Bragg and G. B. Brown, Z. Krist. 1926, 63, 538. 

A. A. Noyes and T. J. Deahl, J,A,C,S. 1937, 69, 1337. 

453 Fichter and H. Wolfmann, Hdv, Chim, Acta^ 1926, 9, 1093. 

E. Brunner, ib. 1929, 12, 208. 

S. Kitashima, Bull, Inst, Phys.-Chem, Res. Japan, 1928, 7, 1035. 
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by water even in the cold with evolution of hydrogen and formation of 
the cobaltous salt. The apparently simple salts are almost confined to the 
fluoride, sulphate, and acetate, which probably owe their existence to the 
fact that they are really complex, though it is not certain what their 
structures are. 

In the more definitely complex compounds such as the cobaltinitrites, 
the cobalticyanides, and above all the cobaltammines, the trivalent state 
of the cobalt is so completely stabilized that it is formed from the divalent 
by the action of air, and even under some circumstances of water. 

The co-ordination number of trivalent cobalt in its complexes is always 6 . 

Cobaltic Oxide, CogOg 

It is very doubtful whether this compound exists at all, though a 
hydrated form C 02 O 3 , H 2 O is known; the only definite compounds of 
cobalt and oxygen appear to be CoO and € 0304 .^^® Cobaltic hydroxide 
Co(OH )3 cannot be isolated, although it presumably exists. The lower 
hydrate C 02 O 3 , H 2 O, or HO • CoO can be made as a brown or black powder 
by oxidizing CoO or C 03 O 4 with a variety of oxidizing agents, such as air, 
peroxides, halogens, permanganate, &c., or by precipitating a cobaltic 
salt with alkali. The precipitate is readily dried at 150® to the mono¬ 
hydrate, but more water can only be removed by heating it to 300®, and 
at this temperature it begins to lose oxygen.'*®® 

The solubility of the hydroxide in cold water has been found by means 
of a radioactive isotope to be 0-01046 mg. per litre.^®^ 

Cobalto-cobaltic Oxide, C03O4 

This is quite a definite compound, which can be made by heating the 
hydrated sesquioxide. It is a black crystalline substance, which is iso- 
morphous with magnetite Fe 304 and like it has a spinelle lattice. On 
strong heating it loses more oxygen, and at 900° it is converted into 
cobaltous oxide CoO. It has a remarkable power of taking up more oxygen, 
apparently by surface adsorption, but without forming the sesquioxide. 
It can take up water, but no definite hydrate has been isolated. It dis¬ 
solves in fused sodium hydroxide, or in boiling aqueous soda to give a 
blue solution. 

A dioxide C 0 O 2 has been described, but it probably does not exist. 

Cobaltic Sulphide, C02S3 

Cobalt and sulphur form three compounds, CoS and the stable pyrites 
C 0 S 2 , which are cobaltous and have already been described, and a meta¬ 
stable cobaltic sulphide C 02 S 3 . 

A solid of the composition CogSg can be made by fusing a cobaltous com¬ 
pound with sulphur and potassium carbonate. It is grey, crystalline, 

G. F. Hiittig and R. Kassler, Z, anorg, Chem. 1929, 184, 284. 

B. N. Cacciapuotti and F. Ferla, Atti R, 1938, [vi] 28, 385. 
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insoluble in water, and only slowly attacked even by strong acids. Its 
chemical identity is not quite certain. If, however, a solution of a cobaltic 
ammine is precipitated with hydrogen sulphide or sodium sulphide under 
exactly the right conditions,^^® a precipitate of CogSg is obtained. This, 
however, is not stable, and on heating goes over even at 450"" into a 
mixture of the monosulphide and the disulphide.^^® 

Cohaltic FluoridCy O0F3 

This trihalide exists in the anhydrous and also in the hydrated state. 
The hydrate C 0 F 3 , 3*5 HgO or CogFe, 7 H 2 O can be made^®^~^ by electro¬ 
lysing a saturated solution of cobaltous fluoride in 40 per cent, hydro¬ 
fluoric acid, when it separates out as a green powder. 

Fluorine combines with metallic cobalt to form a mixture of the di- 
and trifluorides, but not below 450°, where fluorine attacks both silica and 
platinum. The anhydrous fluoride was made by Rufl*^®^ by treating 
anhydrous cobaltous chloride with fluorine, in the cold, or more con¬ 
veniently at 150°. 

Anhydrous cobaltic fluoride CoFg^®^ is a pale brown cr 3 ^stalline powder 
which turns much darker in the presence of even minute traces of water. 
In a stream of carbon dioxide it begins to lose fluorine at 250- 300°, and at 
350° only cobaltous fluoride CoFg is left. It is insoluble in alcohol, ether, 
and benzene. With water it gives a lively evolution of oxygen even in the 
cold, and with hydrochloric acid it liberates chlorine, the cobaltous salt 
being of course produced. It reacts with many elements (bromine, iodine, 
sulphur, phosphorus, arsenic, carbon, silicon), fluorinating them and being 
itself reduced to cobaltous fluoride. 

Its crystal structure does not seem to be quite certain,but it closely 
resembles that of ferric and chromic fluorides. In the same way C 0 F 3 , 
3*5 H 2 O, whose composition suggests that the formula should be doubled, 
as CogFe, 7 HgO, has a green chromic analogue, which has been shown by 
Wemer^®^ to be CrgFg, 7 HgO; so that in aU probability the cobaltic com¬ 
pound should have a doubled formula also, and be written CogFg, 0 and 
7 H 2 O. The assumption that these net formulae should be expanded to 
Co'"[CoF 3 ] and for the hydrate to [Co(H 20 ) 6 ] • [CoFeJjHgO, and that this 
will account for the relative stability of the compound^®^’**®^ (which cer¬ 
tainly needs explanation) is, however, not satisfactory. These formulae 
still leave half the cobalt in the form of the simple cobaltic ion, so that the 
instability should persist, especially in the hydrated form. The anhydrous 
fluoride by itself can show instability only by losing fluorine, which it does 

E. Birk, Habilitationsachrift, Hannover, 1928. 

O. Hiilsraann and W. Biltz, Z. anorg, Ghent, 1936, 224, 73. 

G. Barbieri and F. Calzolari, Atti R, 1905, [v] 14, i. 464. 

E. Birk, Z. attorg, Ghent, 1927, 166, 284. 

O. Ruff and E. Ascher, ib. 1929, 183, 193. 

F. Ebert, ib. 1931, 196, 396. 

A. Werner and N. Costaschescu, Ber, 1908, 41, 4244. 
m w'. Biltz, Z, anorg, Ghent, 1927, 166, 276. 
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on heating; if it can pass on one of its fluorines to another element it does 
so, as we have seen. But the existence of the heptahydrate, though it 
decomposes in water, suggests that it must have the whole of its cobalt, 
and not only half of it, in some more stable complex form. What this is, 
only X-rays can tell us. 


Cobaltic Chloride^ C0CI3 

This is doubtful. It cannot be made by dissolving the hydrated sesqui- 
oxide in hydrochloric acid, as the chlorine ion is at once oxidized to the 
element, with the production of cobaltous chloride. It is said to be formed 
by treating the hydrated sesquioxide with hydrogen chloride gas in presence 
of ether at —5° in the dark,^®® as a green solid which becomes pale yellow 
below —60°. The ethereal solution on treatment with ammonia gives the 
hexammine [Co(NH 3 )e]Cl 3 . 

Cobaltic Acetate 

A solution of this salt can be obtained by oxidizing a cobaltous salt in 
acetic acid. The solid salt is best prepared by the electrolytic oxidation of 
cobaltous acetate in glacial acetic acid containing 2 per cent, of water, as 
the salt is less soluble in this solvent.^®” 

It forms apple-green octahedra, which decompose at 100°. It is trimeric 
by the freezing-point in acetic acid, and on the analogy of the similar 
ferric acetate may be supposed to have the formula 

[Co3(O.CO.CH3)e](O.CO.CH3)3, 

and to be only ionized in the acid. In water it is green, and only oxidizes 
the water slowly, but it will oxidize hydrochloric acid to chlorine, ferrous 
to ferric ion, iodide ion to the free halogen, etc. 

Cobaltic Carbonate^ C!o2(003)3 

This can 'be got in solution by oxidizing a cobaltous salt in presence of 
sodium bicarbonate with hydrogen peroxide, bromine, etc. The solution 
is green. It is said^®® that if hydrogen peroxide is used the compound can 
be made to separate as a green powder which is stable when dry. 

Cobaltic Oxalate, 002(0204)3 

A green aqueous solution can be made by electrolysing an oxalic acid 
solution with a cobalt anode. The solution decomposes with evolution of 
carbon dioxide, and no definite solid cobaltic oxalates have been isolated, 
though double salts are known. 

Cobaltic Nitrate, Co(N03)3 

This is known only in solution, and changes rapidly into the cobaltous 

salt. 

D. Hibert and C. Duval, C.R. 1937, 204, 780. 

C. Schall and C. Thieme-Wiedtmarckter, Z. Elektrochem, 1929, 35, 337. 

C. Duval, C,R, 1930, 191, 616. 
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Cobaltic Sulphate 

The hydrated salt €02(804)3, ISHgO can be made by the oxidation, 
electrolytically or with ozone or fluorine, of a solution of cobaltous sulphate 
in 8-normal sulphuric acid. It forms blue crystals; if it is perfectly dry it 
can be kept without decomposition, but if it is moist it soon changes, 
especially on warming, into oxygen and cobaltous sulphate. It gives a 
stable solution in dilute sulphuric acid, but pure water decomposes it with 
evolution of oxygen. 

The cobaltic alums of the general formula MCo(S04)2, 12 HgO have been 
made, where M == K, Rb, Cs, and NH4. They are all dark blue, and the 
potassium salt, as usual, is the most soluble. It is diamagnetic.^®®"’^® They 
are decomposed by water with evolution of oxygen. 

Cobaltic Perchlorate 

This again can only be got in solution, by the oxidation of cobaltous 
perchlorate, either electrolytically, or with fluorine.^’^^ The solution, which 
is blue, is unstable, and the salt, which must be very soluble, cannot be 
made to crystallize out. 

COBALTIC COMPLEXES 

Trivalent cobalt has as strong a tendency as any other element, even 
platinum or chromium, to form complexes, in which it can be the ‘ central 
atom’ of a cation, a neutral molecule, or an anion, and in which its 
co-ordination or covalency number is always 

The chief donor atoms attached to trivalent cobalt in these complexes 
are (in order of diminishing strength of the link) nitrogen, carbon in the 
cyanides, oxygen, sulphur (a few), and the halogens. The great majority 
of the compounds are ammines in the sense that the complex has one or 
more amine (including ammonia) molecules attached to the cobalt. 

Cyano-complexes 

A cyanide group and a halogen atom often behave similarly, but in the 
cobaltic complexes they are in striking contrast to one another. With the 
halogens, more than three cannot be made to combine with a trivalent 
cobalt atom, and the pure complex halides are not formed. The behaviour 
of the cyanide group is the exact reverse; the 6-covalent cobalticyanides 
are very stable, even the free acid being known: pentacyano-compounds 
also probably occur: but of the cobaltic complexes with less than 5 CN 
groups only one appears to have been made, the monocyano-tetrammine 

R. W. Asmussen, Nardiske Kemikermode^ 1939, 196. 

H. Bommer, Z, anorg. Chern, 1941, 246, 276. 

F. Fichter and A. Goldach, Hdv. Chim, Acta, 1930, 13, 717. 

The elucidation of the structures of these complexes is primarily due to Werner, 
Beitrdge zur Theorie der AffiniUU und Vcdenz, 1891; Z. anorg. Chem. 1893, 3, 267. 
For later developments see his Neuere Anachcmungen, Ist ed. 1905, 3rd (the last in 
his lifetime) 1913, 6th (revised by P. Pfeiffer) 1926. 
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[Co(NH3)4(OH2)CN]Cl2,^’'® a reddish-yellow crystalline substance, which is 
sufficiently stable for silver nitrate not to precipitate any silver cyanide 
from its solution. 

Cobalticyanidesy M3[Co(CN)g] 

These are more stable than the hexacyano-complexes of trivalent 
chromium, manganese, or iron, as is shown by the fact that (like the 
ferro- but unlike the ferricyanides) neither the salts nor the free acid are 
poisonous. The salts are formed by the oxidation of the cobaltocyanides, 
a reaction which occurs so readily that a cobaltocyanide will even decom¬ 
pose water with evolution of hydrogen. 

Free cobalticyanic acid HgCoCye can be got by the evaporation of its 
aqueous solution as colourless very hygroscopic needles, with more or less 
water of crystallization, which can be removed at 100°, but only with a 
break up of the crystals. If the acid is recrystallized from alcohol it forms 
‘alkyloxonium’ salts, in which some or all of the hydrogens are replaced 
by [Alk-OHg]^ groups, as in (EtOH2)3[CoCy6].^’^ These are crystalline 
compounds which are readily soluble in and hydrolysed by water. They 
wiU give the anhydrous acid if they are warmed in vacuo. The acid also 
forms an oxonium salt with cineol,whichhas been usedforits preparation.^’^ 

The salts are numerous, those of the alkahes being as a rule readily 
soluble in water, and those of the heavy metals insoluble. For example we 
have Li, 6 HgO,*’® excessively soluble in water and soluble in alcohol; 
Na, 2 HgO, easily soluble in water, insoluble in alcohol: K, anhydrous,*” 
almost colourless, isomorphous with potassium ferricyanide, easily soluble 
in water, especially hot: Rb, and Cs*’® are anhydrous and similar. 

A variety of substituted ammonium salts are known, which are all 
readily soluble in water.*’® 

Cobalticyanic acid, like ferrocyanio but unlike ferricyanic,* can be 
esterified in various ways. If the acid (or its alcohol compound) is heated 
in a sealed tube at 100° with alcohol, a partial replacement of the acidic 
hydrogens by alkyl radicals takes place,*’® giving, for example, 

(CgHglHgLCoCye], 

or as it undoubtedly should be written H2[Co(CN)5(CN*C2H5)]. By the 

** It should be noticed that the E.A.N. of the cobaltic atom is the same as that of 
the ferrous in any given state of covalency: the cores being Fe'^ 24; Fe'*' 23; C!o^ 26; 
Co"^ 24. 

K. A. Hofmann and S. Reinsch, Z. anorg. Chem. 1898, 16, 379. 

F. H6lzl, T. Meier-Mohar, and F. Viditz, Mon. 1929, 138, 241; F. Hdizl and 
A. Sallmann, ib. 1931,140,29; F. H5lzl and G. Schinko, ib. 249: F. Hdlzl, E. W. Brell, 
and G. Schinko, ib. 1933, 142, 166. 

A. V. Baeyer and V. Villiger, Ber. 1901, 34, 2688; 1902, 35, 1206. 

J. Meyer and P. Chao, Z. anorg. Chem. 1937, 232, 238. 

A. Benedetti-Pitchler, Z. anal. Chem. 1927, 70, 268. 

Gmelin, A. 446. 

F- Hdlzl, T. Meier-Mohar, and F. Viditz, Mon. 1929, 53/4, 237; F. Hdlzl, W. 
Brell, and G. Schinko, ib. 1933, 62, 349. 
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continued action of methyl iodide on the silver salt a second^®® and a third^®^ 
hydrogen atom can be replaced, giving [Co(CN)3(CN • CH3)3]. In this way a 
mixture of about equal parts of the two isomers of the trimethyl ester was 
obtained. Both are colourless, and decompose above 100°; the solubili¬ 
ties are in water at 7*5° a- 0-16, jS- 0*44; in alcohol at 78° a- 0*05, j8- 1*18. 
They both give off their alkyls as isocyanides, and so must be the da and 
traria isomers of [Co(CN • CH3)3(CN)3]°. The resemblance to Hartley’s 
isomeric tetramethyl ferrocyanides (p. 1341) is very close in every way. 

Pentacyano-compouuds 

Very few compounds with five cyanide groups attached to trivalent 
cobalt have been isolated. There is evidence for the existence in solution 
of an aquo-ion [Co(CN)5(OH2)] and perhaps a nitro-pentacyano- 

compound,^®^^ but only one type of pentacyano-compound has been 
obtained for certain in the soUd state. This is the carbonyl compound 
M2 [Co(CN) 6(CO)],^®® in which the CO is obviously co-ordinated as in nickel 
carbonyl, the E.A.N. of the cobalt being 36 (as it is in all cobaltic com¬ 
plexes of a covalency of 6). The potassium salt is made by treating a 
solution of cobaltous acetate and potassium acetate with gaseous carbon- 
monoxide in the complete absence of air. It is yellow,and gives a yeUow 
solution in water. 

Isothiocyanato-complexes 

In all the cobaltic thiocyanate complexes it can be shown that the 
NCS is attached to the cobalt through the nitrogen; in these compounds 
it behaves like a halogen and not like a cyanide group, in that a few (here 
only one or two) of these groups can be introduced into an ammine, but 
no pure thiocyanates such as M3[Co(NCS)0] are known. 

The ammine thiocyanates are mostly of the types of [Co(NH3)5NCS]X2 
and [Co(NH3)4(NCS)2]X, 

The first (pentammine) series can be made by the action of potassium 
thiocyanate on the aquo-salts; they form yellow-red crystals, not very 
soluble in water (soF of the sulphate 0*97/20°).^®® 

They have the peculiarity of adding on silver nitrate to form brown 
compounds such as [Co(NH3)5NCS](N03)2,AgN03, which are so stable that 
the silver is not precipitated by hydrochloric acid. Werner has suggested^®® 

C. E. Bolser and L. B. Richardson, J.A.C.S, 1913, 35, 377. 

E. G. J. Hartley, J.C.5. 1914, 105, 521. 

E. Muller and H. Lauterbach, Z, anal, Chem. 1923, 62, 25; E. Muller and 
W. Schluttig, Z. anorg. Chem, 1924, 134, 333. 

♦8* H. Bassett and A. S. Corbet, J,C.S, 1924, 125, 1365. 

88^ C. L. Jackson and A. M. Comey, Ber, 1896, 29, 1020; Am, Chem, J, 1897, 19, 
271. 

885 A. Rosenheim and I. Koppel, Z, anorg, Chem, 1898, 17, 63. 

888 W. Manchot and H. GaU, Ber, 1926, 59, 1056, 

887 Hieber, K. Ries, and G.^ Bader, Z. anorg, Chem, 1930, 190, 219. 

888 J. N. Brdnsted and A. Petersen, J,A,C,S, 1921, 43, 2269. 

888 A. Werner, Ann. 1912, 386, 50. 



Ammines 1399 

that the silver is attached to the sulphur of the NCS, the AgSCN group 
being co-ordinated to the cobalt like an ammonia, as 
[(NH3)5Co<-N=C-S-Ag](N03)3. 

These compounds are oxidized by hydrogen peroxide or by chlorine, 
with replacement of the NCS by NH 3 , which is evidence that it is the 
nitrogen which joins the NCS to the cobalt; oxidation with nitric acid 
eliminates the NCS altogether, and evaporation with hydrochloric acid 
replaces it by chlorine. 

The di-isothiocyanato-compounds, such as [Co en 2 (NCS) 2 ]X, were first 
obtained by Werner in 1900^®°; they occur in two series, which have been 
shown^®^ both to be isothiocyanates, and to be cis and trans isomers. 

The cis salts are yellow-red, while the trans are dark red. They can be 
made, for example, by treating the dichloro-compounds with potassium 
thiocyanate. Complexes in which one of the two CNS groups is replaced 
by nitrito, chlorine, or bromine are also known. 

In aU these diacyl derivatives, as in the pentammine-mono-thio- 
cyanato-complexes, the thiocyanato-group is replaced by ammonia on 
oxidation with hydrogen peroxide. 


Cohaltic Ammines^ 


The affinity of trivalent cobalt for nitrogen is very strong, much stronger 
than for oxygen, as is shown by the readiness with which the ammines are 
produced in aqueous solution, in spite of the competition of the much 
mere numerous water molecules. The complexes can contain one cobaltic 
atom or several joined through covalent ‘bridges’ of atoms; for the latter 
see p. 1415. The ammonia groups can be replaced partly or wholly by other 
amines (including diamines and triamines), and partly by water and by a 
large number of mono- and divalent acid radicals such as those of prussic. 


thiocyanic (as —N=C=S), nitrous (both —^N 



and —O—N=0), and 


oxalic acids, as well as the halogens. 

The ammines can have any number of amine groups from 6 down to 2 (not 
to 1 ); the stability falls off as the number of amine groups diminishes, 
especially in the tri-electrovalent series of cations where this is replaced 
by water (from [Co(NH 3 )JX 3 to [Co(NH 3 ) 3 (OH 2 ) 3 ]X 3 ). 

Anderson et aZ.^®^ find that [Co(NH 3 )e]Cl 3 and [Co englCla containing 
heavy hydrogen exchange with ordinary water at a rate = k/[H'‘^], with 
activation energies 28*4 and 28*1 k.cals.; they suggest that Co—NH 3 
ionizes to [Co— 


♦ For a full account of the cobaltammines up to 1930 see Gmelin, KobaUy B., 
pp. 46-375; he enumerates some 1,600 compounds. References to this are given in 
the text as (Gm. B. X), where X is the page. For a list of the solubilities in water 
of a very large number of cobaltammine salts see F. Ephraim, Ber. 1923, 66, 1630. 


A. Werner and F. Braunlich, Z, anorg, Chem. 1900, 22, 96, 

*•1 J. S. Anderson, H. V. A. Briscoe, and N. L. Spoor, J.C.S. 1943, 361. 
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The various groups which go to make up these almost innumerable 
compounds are of four kinds: (1) the amines, ammonia and its substitution 
products; (2) water: other oxygen compounds might act as donors in the 
same way, but no such compounds appear to be known; (3) acid radicals, 
i.e. covalently attached groups which in other compounds c^ behave as 
ions; (4) the other ions (for example, a halogen ion or a sodium ion) which 
with the complex form the neutral salt molecule. 

Of the amines the simplest and most important is ammonia, but a very 
large number of substituted ammonias can take its place. The principles 
determining the stability of ammines in general, which apply also to those 
of trivalent cobalt, are, on the one hand, that the replacement of hydrogen 
in ammonia by hydrocarbon groups diminishes the strength of the link, 
and on the other, that the formation of chelate rings by molecules which 
have two amine groups in a position to form an unstrained ring ()S or y) 
greatly increases it; the second effect is stronger than the first, so that 
ethylene diamine with two primary amine groups gives more stable com¬ 
pounds than ammonia itself. 

Among the monamines that have actually been used are ethylamine, 
allylamine, benzylamine, aniline, toliiidine, pyridine, and also hydroxy- 
lamine (the cobaltic complexes containing oximes are discussed later). 
Among the diamines are ethylene diamine, propylene diamine 

CH3. CH(NH3) • CHg. NHj5, 

its diphenyl derivative <1>NH CH 2 'CH 2 NH0,^®2 j8, S-diaminobutane^®^ 
butylene diamine CH 3 CH(NH 2 ) CH(NH 2 ) CHa, trimethylene diamine 
H 2 N CH 2 'CH 2 CH 2 NH 2 ,^®^ diaminocyclopentane, and o-phenylene dia- 
mine.^®^® Another polyamine of great interest from the stereochemical 
point of view is a, a', jS-triaminopropane 

HgN. CH2 • CHCNHg) • CHg • 

The acid radicals which can be attached to the cobalt in these complexes 
include those of almost all known monobasic and many polybasic acids; the 
more important are: OH, F, Cl, Br, I, NO (true nitroso-, Co—^N=0), NOg 

/O 

(in two forms, the true nitro Co—much less stable nitrito- 


J. Frejka and L. Zahlova, CoU. Czech. Chem. Comm. 1930, 2, 639. 

E. N. Gapon, BuU. Soc. 1930, [4] 47, 343. 

C. J. Dippell and F. M. Jeieger, Bee. Trav. 1931, 50, 647. 

F. M. Jaeger and H. B. Blumendal, Z. anorg. Chem. 1928, 175, 161. 

F. M. Jaeger and L. Bijkerk, ib. 1937, 233, 97. 

F. M. Jaeger, Proc. Akad. Amat. 1937, 40, 108. 

F. M. Jaeger and L. Bijkerk, ib. 40, 246, 316. 

See, for example, P. Terpstra and J. ter Berg, Proc. K. Akad. Amat. 1937, 40, 

602. 

F. G. Mann, J.C.S. 1929, 409. 

P. Job and J. Brigando, C.R. 1940, 210, 438. 
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Co—0—^N=0), NO 3 , CN, CNS, acetate and similar carboxylic radicals; also 
a variety of radicals of dibasic acids which can fill either one co-ordination 
place on the cobalt or two, as with the CO3, C2O4, SO3, SO4, SgOg, malo- 
nato, etc., radicals. 

The general strength of the links of trivalent cobalt to other atoms is in 
the order given above (especially N > O > halogen), but it varies to some 
extent not only with the nature of the donor atom, but also with that of 
the whole group of which this is a part, and further that of the other groups 
attached to the same cobalt atom. As usual divalent chelate groups are 
much more firmly attached than monovalent amine molecules or acyl 
radicals. Thus the complexes [Co(NH 3 ) 4 (H 20 ) 2 ]X 3 (Gm. B. 113, 118) and 
[Co(NH 3 ) 2 py 2 (H 20 ) 2 ]X 3 (ib. 121 ) do not give cis4rans isomers, as the 
groups are not sufficiently firmly fixed; but the chelate complexes 
[Co en 2 (H 20 ) 2 ]X 3 do so (Gm. B. 121 : en = ethylene diamine). The en group 
seems to be peculiarly firmly attached, more so than its methyl homologue 
CH 3 CH NH 2 (pn), since the cis-trans changes are much quicker with 

CH2NH2 

[CopugCyX than with [Co eugCyX (Gm. B. 243). The 6 -ring complexes of 
tiimethylene diamine [Co/ 7 i 2 Cl 2 ]X (tn = H 2 N-CH 2 'CH 2 CH 2 NH 2 ) may 
occur in one form, so this ring must be still less stable. Similar effects are 
shown among the oxygen complexes in the very stable oxalato (5-ring) 
complexes, and the rather less stable malonato ( 6 -ring). 

All these complexes form numerous salts; the individual properties of 
most of these are not very important, but the free bases (hydroxy-com¬ 
pounds, [CoAe](OH) 3 ) are interesting, particularly in their relation to the 
aquo-complexes (with Co^-OHg) and the hydroxy- (with Co—OH). 

These complex ammine cations practically always form strong bases. 
If a solution of the halide is ground with silver oxide, a strongly alkaline 
solution is obtained, which absorbs carbon dioxide from the air to form a 
carbonate; the hydroxides themselves are usually too soluble to be iso¬ 
lated, but where this can be done, as with [Co(en) 3 ](OH) 3,^®2 they are 
deliquescent solids. The conductivities of many of them in water^® show 
them to be strong electrolytes. Since the covalency of 6 which trivalent 
cobalt always shows is its maximum, it is evident that unless some 
rearrangement occurs the base must be wholly ionized: the cobalt atom 
cannot form an additional link with a hydroxyl. Sometimes, however, 
when the base is formed the complex cation reacts with its own hydroxyl 
ion. This may hydrolyse acid radicals attached to the cobalt, and when 
these are halogen atoms it always appears to do ; thus attempts to 
prepare the base of the ‘bromopurpureo’ salts [Co(NH 3 ) 5 Br](OH )2 leads 
only to decomposition products.®^ In the true nitro-compounds, however, 

S. M. Jorgensen, J, praht, Chem. 1889, [2] 39, 12. 

A. B. Lamb and V. Yngve. J.A,C,8. 1921, 43, 2367. 

See B. Adell, Z. anorg, Ghem, 1941, 246, 303. 

S. M. Jdrgensen, J. prakL Chem* 1879, [2] 19, 64. 
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the strong Co—link is not easily broken in this way, and a series of nitro- 
ammine bases such as [Co(NH 3 ) 4 (N 02 ) 2 ]OH and [Co(NH 3 ) 3 (OH 2 )(N 02 ) 2 ]OH 
has been made. 

The hydroxyl ion in these bases can react with a water molecule in the 
cation: 

[Co^OHglOH -> [Co—OH] + H 2 O, 

the hydroxyl expelling (or taking a hydrogen ion from) a water molecule. 
Where the cation only contains amines together with one or two water 
molecules the reaction seems always to go to completion, for example : 

[Co(NH3 )5(OH2)](OH)3 -^ [Co(NH3 ),OH](OH)2 

[Co(NH3 )4(OH2)2](OH)3 -^ [Co(NH3 )4(OH)2]OH. 

The possibility of this reaction was recognized by Werner, and is supported 
by the work of Job,®®® Lamb,®®® and King.®®"^ 

When, however, the cation contains acid radicals, and its positive charge 
is thereby reduced, this reaction is much less easy. Thus the dinitro- 
aquo-triammine salts should, if they behave like the others, on treatment 
with silver oxide, give the neutral covalent hydroxide: 

[Co(NH3)3(0H2)(N02)2]0H —> [Co(NH3)3(0H)(N02)2]^ 

The resulting solution, however, has a considerable conductivity,®®^ show¬ 
ing that some ionized base is present, but the amount of dissociation is 
much less than with the pure aquo-ammines. 

In the language of the acid-base theory of Bronsted this reaction of the 
co-ordinated water with the hydroxyl ion may be written 

[Co(NH3 ),(OH,)]+++ [Co(NH3)3(OH)r+ + H+ 

Acid Base 

as the dissociation of an acid. Bronsted has shown®®^® that the dissocia¬ 
tion constant, which measures the extent to which the trivalent ion loses 
a hydrogen ion, increases rapidly as the NH 3 molecules are replaced by 
water. To a certain extent this is a statistical necessity: the probability 
of the reaction occurring is greater the more water molecules there are in 
the cation which can undergo it. But even when allowance is made for 
this, the ‘chemical factors’ remaining are still in the same order, having 
for the various ions [Co(NH 3 )e_a.(OH 2 )J‘*‘^'^, the relative values 

for a: = 1 2 3 4 

Rel. A = 1 1-5 3-3 50 

indicating that in cobaltic hydroxide or the hexa-aquo-ion [Co(OH 2 ) 3 ]^'*"^ 
the reaction will go very far indeed. 

P. Job and G. Urbain, C.R. 1920, 170, 843; 1922, 174, 613. 

*07 H. J. S, King, J.C.S. 1932, 1275. 

J. N. Br6nsted and C. V. King, Z. physikal, Chem. 1927, 130, 699. 

J. N. Brdnsted and K. Volqvartz, ib. 1928, 134, 97. 
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The chelate ethylene diamine (‘en’) derivatives were the compounds 
through which Werner was first able to prove his octahedral theory; 
in 1911 he resolved [Co en 2 (NH 3 )Cl]X 2 ,»i<> [Co en2(N02)Cl]X5ii and 
[Co enaJXa^^^ into their optical antimers. 

Many other complexes with chelate rings attached through nitrogen are 
known. They include, for example, the glyoxime derivatives, with a chelate 
ring of the form 

R_C—C—R 


HO—N N->0. 



They are mainly dichelate, such as [Co(DH) 2 (NH 3 ) 2 ]Br (glyoxime == DHg). 
They can be made from the cobaltous derivatives by the action of air in 
the presence of excess of glyoxime.^^^ They are green in colour. 

Among the complexes in which the links are through nitrogen and 
oxygen (N——O) are the derivatives of the o-hydroxy-azo-compounds, 
which are known to be mordant dyes; if these are treated in alcoholic 
solution with cobaltous acetate in presence of hydrogen peroxide,®^^ dark 
brown or black substances are precipitated, which are insoluble in water 
and soluble in organic solvents, and are of the type (co = J of Co) 



3 


Of the other complexes with the cobaltic atom attached to nitrogen the 
nitrosyls and their isomeric nitroso-derivatives are discussed later (p. 1423); 

the nitro-compounds Co—dealt with; their isomers, the 

nitrito-complexes Co—0—N=0, though really oxygen complexes (and 
hence less stable), may be discussed along with them. 


iV itrito-compoiinds 

Complexes containing the NOg group occur in two isomeric forms, the 

/O 

nitrito Co—0—N=0 and nitro Co—nitrito-compounds are far 

more readily decomposed, and also isomerize easily to the nitro. 

These facts were discovered by Jorgensen.He prepared a red salt 

‘10 A. Werner, Ber. 1911, 44, 1887. Id., ib. 2446, 3272, 3279. 

Id., ib. 1912, 45, 121. 

*1® L. Cambi and C. Coriselli, Qaz, 1936, 66, 81. 

‘1* M. Elkins and L. Hunter, J.C.S, 1936, 1598. 

B. Aden, Z. anorg. Chem. 1944, 252, 272. 

S. M. J6rgensen, ib. 1894, 5, 168; 7, 294; 1898, 17, 463; 1899, 19, 149. 
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[Co(NH 3 ) 5 N 02 ]Cl 2 isomeric with the already known yellow ‘xantho- 
chloride ’ and going over into it on standing; he suggested that the new 
salt was the nitrito- and the xantho-salt the nitro-compound. The 
dynamics of the change of the nitrito-pentammine chloride to the nitro- (a 
unimolecular reaction with a half-life of about 11 hours at 20°) has been 
examined by AdelL®^® 

The nitrito-salt is the less soluble in water (0*5/15°), and cannot be 
recrystallized from it; the solution is at first red and gives red precipitates 
of nitrito-salts with ammonium nitrate, potassium chloroplatinite and 
platinate, etc., but it soon turns yellow and then contains the nitro¬ 
compound only. 

The salts of [Co en2(CNS)ON(3]X are similar®^^; they are red, but change 
slowly on standing and at once on heating to 70-80° into the isomeric 
nitro-compounds. 

The cis and trans dinitrito-salts in the series [Co en 2 (ONO) 2 ]X can be 
made by the action of nitrous acid on the corresponding cis and trans 
diaquo-di-en salts.They show the characteristic instability of the 
nitrito-compounds; they are stable in acetic acid but are decomposed by 
mineral acid, reforming the diaquo-compounds with evolution of the 
oxides of nitrogen. In the solid state they soon change over into the 
dinitro (cis = flavo; trans = croceo) salts. 

The diammino-dipyridino-salts [Co(NH 3 ) 2 py 2 (ONO) 2 ]X are similar.®^® 

The nitrito-compounds are usually made by the action of nitrous acid on 
aquo-compounds; the replacement of ammonia requires more drastic 
treatment, and generally leads at once to the nitro-compound. 

The nitrito-compounds are easily distinguished from the nitro (1) by 
losing the ONO for HgO with dilute HCl, the nitro-group reacting only 
with concentrated HCl, and then being replaced by Cl; (2) by their in¬ 
stability, as they go over in the solid state into the nitro-isomers on stand¬ 
ing. (See A. Werner, loc. cit.,®^® pp. 24, 157, 163, 174, 194, 217, etc.) 

N itro-compounds 

These are among the stablest and most numerous of the cobaltic 
complexes; the pentammino-nitro-salts were discovered by Wolcott 
Gibbs in 1852. They occur in all series from the pentammine type 
[Co(NH 3 ) 5 N 02 ]X 2 to the familiar cobaltinitrites M 3 [Co(N 02 ) 6 ], with the 
sole exception of the pentanitro-type M 2 [Co(NH 3 )(N 02 ) 6 ], which, like all 
the monammines, is unknown. 

The mono-nitro-derivatives [Co(NH3)5N02]X2 are yellow, and were 
called the xantho-compounds, the isomeric nitrito-salts being known as 
iso-xantho. 

The dinitro-salts of the type of [Co(NH3)4(N02)2]X can exist in two 

A. Wemer, Arvn. 1912, 386, 162. 

Id., Ber. 1907, 40, 769. 

‘w Id., Ann. 1912, 386, 24, 247. 
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series, both of which are known {cis, flavo; trans, croceo). The cia dinitro- 
salts with two chelate en rings [Co en2(N02)2]X^^® are asymmetric and were 
resolved by Wemer^^i their optical antimers. 

The tri-nitro-series, such as [Co(NH3)3(N02)3]°, are necessarily non¬ 
ionic, but they are fairly soluble in water, and the solution is practically 
non-conducting even after standing, which is evidence of their stability. 

In the tetranitro-series the complex is of course an anion, giving such 
salts as M[Co(NH 3)2(N02)4]. The structure obviously allows of cis and 
trans isomers; but only one series has yet been found, long regarded 
as the cis, but recently proved to be the trans by Wells,who showed 
Ag[Co(NH 3 ) 2 (N 02 ) 4 ], to have an octahedral crystal structure of the trans 
form, with the distances Co—N 1*92 and N—O 1*25 A (theory Co—N 2*02, 
N—0 1*36, N--0 M5). 

The potassium salt K[Co(NH3)2(N02)4]^^^ forms yellow-brown crystals 
with sol^ 1 *76/16*5°. The dark yellow solution is not decomposed by alkali 
or ammonium carbonate in the cold, but if it is warmed with alkali to 60° 
cobaltic hydroxide is slowly precipitated. 

The absence of pentanitro-compounds is noticeable because it seems to 
be a general rule that though the penta-ammino-compounds are relatively 
stable, the penta-ato-compounds, with 5 acid radicals in the ion, do not 
occur, even where, as with these nitro-salts, the hexa-derivatives, M 3 [CoR 6 ], 
are stable. 

The hexanitro-cobaltic salts or cobaltinitrites M3[Co(N02)6] are familiar 
from their use in separating cobalt from nickel. The lithium salt^^^ 
Li 3 [Co(N 02 ) 6 ], SHgO forms large yellow crystals, which are hygroscopic 
and very soluble in water. The sodium salt^^^® can be made by passing a 
stream of air through a solution of cobaltous nitrate and sodium nitrite in 
50 per cent, acetic acid. Conductivity measurements show it to be a 
strong 4-ionic electrolyte. The dilute aqueous solution slowly decomposes. 
The potassium salt (‘Fischer’s salt’)^^^ forms pale yellow or greenish- 
3 ^ellow crystals, soF 0*089/17°®'^®; in presence of potassium salts the solu¬ 
bility is much less. The aqueous solution is stable in the cold, but 
decomposes on boiling with the formation of a cobaltous salt. Potassium 
cobaltinitrite has been much used for the quantitative separation of cobalt 
from nickel. This salt (to which there is no nickel analogue) is precipitated, 
washed with potassium acetate solution, and then with 80 per cent, alcohol, 
and dried at 100°. The salt has also been used for the quantitative 

‘sso Id., Bcr, 1901. 34, 1706. 

Ib. 1911, 44, 2450. 

A. F. Wells, Z. Krist, 1936, 95, 74. 

*2® G. F. Hiittig and R. Kossler, Z. anorg. Chem, 1929, 184, 281. 

S. Kikuchi, C.R, 1934, 199, 1414. 

E. Biilmann, Z. anal. Chem. 1900, 39, 286. 

M. Cunningham and F. M. Perkin, J.C.S. 1909, 95, 1568. 

A. Duflos and N. W. Fischer, Pogg. Ann. 1847, 72, 477 ; N. W. Fischer, ib. 1848, 
74, 124. 

T. Rosenbladt, Ber. 1886, 19, 2536. 
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estimation of potassium.®^® The solubilities of the cobaltinitrites in g. salt 
to 100 g. water at temperature f are: 


Salt 

Li 

Na 

K 

Rb 

Cs 

Tl' 

NH 4 

EtNH, 


V. V. 

big 

very 

big 

0089 

00051 

00050 

00042 

0*88 

31-7 

Temp. 

ord. 

ord. 

170 

17° 

17° 

17° 

0 ° 

0 ° 


The lead and barium salts of the type M 3 [Co(N 02 ) 6]2 have also been 
prepared.®^® 

Complexes with Donor Oxygen 

These are uniformly weaker than the nitrogen complexes. The replace¬ 
ment of ammonia molecules by water can be carried on until 4 HgO have 
been introduced, but the complex weakens as this proceeds. The peculiar 
position of complexes with attached OH (hydroxo-) groups has already 
been discussed (pp. 1401-2). No doubt-other hydroxylic compounds such 
as the alcohols could replace water in these complexes, but such compounds 
do not seem to have been prepared. The great majority of the oxygen 
complexes of trivalent cobalt are formed by acyl groups, mono- or divalent, 
the latter (ato- or chelate) being the more stable.^^^ 

Chelate Diketone Derivatives 

Cobaltic acetylacetonate CoAa (A = C 5 H 7 O 2 ) was made^®^ by acting with 
acetylacetone on a cobaltous solution that had been oxidized with sodium 
hypochlorite. It forms dark green crystals, melting at 241°. It is iso- 
morphous with the corresponding compounds of trivalent aluminium, 
chromium, manganese, and gaUium.^^^ It is easily soluble in organic 
solvents including ligroin (unlike cobaltous acetylacetonate). It is mono¬ 
meric by the freezing-point in benzene.®^*^ 

Ammine derivatives of complexes with acetylacetone and similar 
j 8 -diketones have been made. Thus by the action of acetylacetone on the 
compound [Co en 2 (OH 2 )(OH)]Br 2 Wemer^^^ obtained the salts [Co en 2 A]X 2 , 
which can be resolved into optically active forms^^^; all these salts are red. 
Similar derivatives of propionylacetone were made. If sodium acetyl¬ 
acetonate acts on sodium cobaltinitrite, 4 of the 6 NO 2 groups are expelled 
and replaced by 2 acetylacetonyl residues^^®: 

Na3[Co(N02)e] -^ Na[Co(N02]2A2]. 

Considering the firmness with which NO 2 groups are attached to trivalent 

M. Wikul, Z. anal. Chem. 1929, 72, 345. 

630 A Ferrari and L. Coghi, Oaz. 1939, 69, 3. 

631 piQj. magnetic properties of these complexes'see D. P. Mellor and D. P. 
Craig, pToc. Roy. Soc. N.S. Wales, 1940, 74, 495. 

Gt Urbain and A. Debieme, C.R. 1899, 129, 304. 

583 •p Astbury, Proc. Roy. Soc. 1926, 112, 449. 

A, Werner and S. Matissen, Helv. Ghim. Acta, 1918, 1, 78. 

A. Werner, J. E. Schwyzer, and W. Karrer, ib. 1921, 4, 115. 

A. Bosenheim and A. Garfunkel, Ber. 1911, 44, 1873. 
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cobalt this is a remarkable proof of the stability of this chelate acetylace- 
tone ring; salts of this complex are Na, anhydrous, red, 6 H 2 O, purplish- 
red; K, anhydrous, pale brownish-red; NH 4 , Rb, and Cs salts similar. 
Other diketones and keto-esters such as acetoacetic ester behave in the 
same way. 

It has been shown, especially by Morgan and his pupils,that mor¬ 
dant dyes such as the alizarines, quinone-oximes, etc., which owe their 
dyeing power to their capacity for forming chelate compounds (lakes) with 
trivalent metals like aluminium, chromium, and iron, can expel NHg 
groups from a hexammine cobaltic salt, and replace them in pairs by the 
chelate ring, up to the neutral compound 



Nitroso-j3-naphthol gives a compound of this type, which has been used 
for the quantitative estimation of cobalt.®^^ 

Similarly, salicylic acid will give the tetrammine 



Carbonato-compounds 

No pure complex carbonates are known, but several carbonato-ammines 
hare been prepared, the CO3 apparently (Hke SO3) occupying sometimes 
one co-ordination place (CO3) and sometimes two (COo) (Gm. B. 180, 198, 
279). Thus there is a series of blue or brownish-red salts [Co(NH 3 ) 5 CO' 3 ]X, 
usually with one HgO. They have an alkahne reaction, and also (owing to 
the free valency of the CO3) form acid salts [Co(NH 3 ) 5 (C 03 H)]X 2 . 

The tetrammines [Co(NH 3 ) 4 C 03 ]X are bluish-red salts made by the 
action of sulphuric acid on a suspension of cobaltous carbonate in ammonia 
and ammonium carbonate, on oxidation by a current of air. The series 
[Co engCOgJX (also bluish-red) is similar. If the laevo-form of the cis- 
dichloro-dien is treated with potassium carbonate,the two chlorine 
atoms are replaced by CO3, giving [Co en2C03]X, and it is the dextro- 
carbonato-compound that is formed. Tlie same thing happens if the 
dichloro-compound is ground up in water with a small amount of silver 
carbonate, but if a large amount of the silver salt is used, the product is 
the laevo-form of the carbonato-compound. This is an example of the 
occurrence of the Walden transformation among inorganic compounds, the 

G. T. Morgan and J. D. Main Smith, J,C.S. 1921, 119, 704. 

Id., ib. 1922, 121, 160. G. T. Morgan and H. J. S. King, ib. 1723. 

640 Q, X. Morgan and J. D. Main Smith, ib. 1966. 

Id., ib. 1924, 125, 1731. 

*** L. Philippot, BulL Soc, Chim, Beige, 1935, 44, 150. 

J. C. Bailar and R. W. Auten, 1934, 56, 774. 

J. C. Bailar, F. G. Jonelis, and E. H. Huffmann, ib. 1936, 58, 2224. 
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transformation taking place probably with the silver salt. Similarly when 
the laevo-dichloro-dien is treated with ammonia, which replaces the two 
chlorines by NH 3 , giving [Co en 2 (NH 3 ) 2 ]X 3 , if the reaction is made to occur 
below —33° the product is laevorotatory, but if it goes above 25° it is 
dextrorotatory. 

Many other compounds with an acidic hydroxyl group, not only formic 
and acetic acids, but also di- and trinitrophenol, can replace the hydroxyl 
group in the pentammines, to give compounds of the type of 

[Co(NH 3 ) 60 *CO*CH 3 ]Xa (Gm. B. 186). 

Oxalato-compounds 

These occur as ‘pure’ complexes, in M 3 [CoOx 3 ], and also in ammines 
(Gm. B. 186, 199, 202, 291). They can occupy in the complex either two 
co-ordination places or one, but the tendency to occupy two and so form 
the chelate 5-ring is very strong with the oxalato-group, and the resulting 
ring is very stable. The only non-chelate oxalato-compounds are the 
pentammines [Co(NH3)60x]X.®^® These are red salts, whose behaviour is 
typical of the 1-co-ordinated ato derivatives of dibasic acids; they readily 
form acid salts [Co(NH 3 ) 6 (C 204 H)]X 2 , and the oxalato-group is much less 
firmly attached than in the compounds in which it forms a ring ; after 
treatment with ammonia in the cold, or after warming, the solution gives 
a precipitate with calcium chloride. 

In all the other compounds, both the ammines and the double oxalates, 
the oxalato-group forms a chelate ring, and is remarkably stable. Thus in 
the formation of the oxalato-tetrammines [Co(NH 3 ) 40 x]X and [Co engOxJX 
Schramm®^’ has shown that oxalic acid will displace from a tetrammine 
salt H2O, OH, Cl, Br, NO3, NOg, and the malonato-group (the last two 
sometimes with great difficulty). The resulting oxalato-salts are not 
hydrolysed by boiling with ammonia, are stable to dilute acid, and some 
of them even to cold concentrated hydrochloric or sulphuric acid. These 
salts are red or carmine. 

The triammine-aquo-salts [Co(NH 3 ) 3 (OH 2 )Ox]X, bluish-red easily 
soluble compounds, must have the water molecule in the complex not 
only because a covalency of 6 is necessary in a cobaltic complex, but also 
because aqueous ammonia converts them into the corresponding hydroxo- 
compounds [Co(NH 3 ) 3 (OH)Ox]°, blue powders which are not salts, are 
insoluble in water, alcohol, and ether, but readily dissolve in dilute aqueous 
acids, even acetic, with the re-formation of the aquo-salts. 

The diammino-dinitro-salts of the type M[Co(NH3)2(N02)20x] can exist 
as cis and trans forms, of which the cis but not the trans should be separable 
into optical isomers, and this separation has actually been effected.®^® 

J. C. Bailar, J. H. Haslam, and E. M. Jones, J.A.C.S. 1936, 58, 2226. 

S. M. Jorgensen, Z. anorg, Ghem. 1896,11, 416. 

W. Schramm, ib. 1929, 180, 161. 

W. Thomas, J.C.S. 1923, 123, 617. 
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Cobaltioxalates 

These are all of the type M 3 [CoOx 3 ]. The alkaline salts are all dark 
green, and easily soluble in water: Li, 6 HgO, extremely soluble and diffi¬ 
cult to isolate, isomorphous with the corresponding hexahydrated chromi- 
and aluminioxalates®^^; Na, 5 (and 4) H 2 O, isomorphous with the penta- 
hydrates of the sodium alumini- chromi- and ferri-oxalates^^^; K, H 2 O. 
This potassium salt is best made by oxidizing a solution of cobaltous 
oxalate in potassium oxalate solution with lead dioxide. It is produced as 
a racemate, which crystallizes as such only below 13°; above that tempera¬ 
ture the dextro- and laevo-forms separate side by side. The active form 
racemises in solution much more slowly than the corresponding chromic 
or ferric compounds.The ammonium salt has 3 H 2 O, and the rubidium 
salt 4 HgO; these high hydration numbers are no doubt due to the ten- 
denc}^ of the oxalate group to take up water. 

These cobaltioxalates are very fairly stable, as is shown by the slowness 
with which they racemize; but they seem to be less stable than the 
oxalato -ammines. 

Dithio-oxalato-complexes 

H. 0. Jones showed®^^"^ that if a cobaltous salt and potassium dithio- 
oxalate KgCgOgSg are mixed in solution an intense reddish-brown colour 
is produced, which can be recognized if there is only 1 part of cobalt to 
40 million parts of water. Barium chloride precipitates from the solution 
the salt BaK[Co(C 202 S 2 ) 3 ], 6 HgO, from which the K salt, 2 H 2 O and the 
anilinium salt 2 H 2 O can be obtained. The freezing-points and conductivi¬ 
ties in water are those of a 4-ionic salt. These salts are remarkably stable: 
the colour is not destroyed by adding potassium cyanide, or by boiling 
with moderately strong hydrochloric acid. 

Malonato-compounds 

Pure cobaltimalonates do not seem to occur.^^^ The same is true of the 
succinates and glutarates.*^^ 

Among the ammines, however, and especially the tetrammines, deriva¬ 
tives of malonic acid and other dibasic acids of that series are found; they 
can be made by acting with the acid on the carbonato-compound 
[Co(NH 3 ) 4 C 03 ]X. Schramm has shown^^^ that malonic acid, unlike oxalic, 
will not expel from a tetrammine such groups as halogens or NO 3 , but only 
the radicals of weak acids like carbonic. 

In this way a series of tetrammine (especially di-en) salts have 

H. Copaux, C.R. 1902, 134, 1215; Ann, Chim. Phys, 1905, [8] 6, 565. 

660 jr, ]yf, Jaeger and W. Thomas, K, Akad, Amst. 1918, 27, 676. 

W. Thomas and R. Fraser, J.C.S, 1923, 123, 2973. See also C. H. Johnson 
and A. Mead, Trans. Far. Soc. 1933, 29, ®26. 

'^52 H. O. Jones and H. S. Tasker, J.G.S. 1909, 95, 1904. 

C. S. Robinson and H. O. Jones, ib. 1912, 101, 62. 

*** R. C. Lord, J. Phys. Ghent. 1907, 11, 173. 
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been made from dimethyl malonic,^^® succinic, and dibromosuccinic 
acids.^®* 

N itrato-compounds^^^ 

In general the NO 3 group is very reluctant to attach itself covalently 
to a metal; double nitrates are not common, and it is doubtful whether 
any of them are truly complex. True nitrato-cobaltic complexes occur, but 
only when they are stabilized by the presence of several amine groups, 
and even then the NO 3 is easily removed. 

Nitrato-ammines are known with 1 , 2 , and 3 (but not more) nitrato- 
groups attached to the cobalt. They are usually made by the action of 
fairly concentrated nitric acid on the corresponding aquo-salts; the reaction 
is commonly reversible, the NO 3 groups being hydrolysed in dilute solu¬ 
tion and replaced by water molecules as they are also by ammonia on 
treatment with liquid ammonia: 

+ HNO3 —^ + h^o. 

The trinitrato-triammine [Co(NH 3 ) 8 (N 03 ) 3 ]°^®® forms reddish-violet 
crystals, insoluble in cold water, by which it is slowly hydrolysed to the 
triaquo-triammine nitrate, [Co(NH 3 ) 3 ( 0 H 2 ) 3 ](N 03 ) 3 . 

No compounds with a nitrato group attached to a cobalt in an anion are 
known. 

Sulphato-compounds 

No cobaltic double sulphates are known except the alums (p. 1396) which 
are not true complexes. Among the ammines, however, there are a few 
undoubted sulphato-complexes in some of which certainly, and in most 
probably, the SO 4 group is only attached to the cobalt atom through one 
oxygen, 

Co-O-S^O; 

\o 

this must be so in the pentammine [Co(NH 8 ) 5 S 04 ]X, since the total cova¬ 
lency of the trivalent cobalt is always 6. The other compounds contain 
4 and 3 molecules of ammonia, but also water, which is probably part of 
the complexes, so that these may be written 

[Co(NH3)4(OH3)S04]X 
[Co(NH3)3(OH3)3S04]X 
[Co ena( 0 H 3 )S 04 ]X. 

The salts are prepared by the action of sulphuric acid on the aquo- or 
carbonate-compounds. They are all bluish or purple. The SO 4 group is 
not very firmly attached; barium chloride does not give a precipitate with 

T. S. Price and J. C. Di#, J.C.S. 1920, 117, 1077. 

J. C. Duff, ib. 1921, 119, 387. 

See Gmelin, B. 144, 147, 148, 227, 269 (1930). 

See also A. Werner, Ann. 1911, 386, 214, 265. 

**• E. Birk, Z. anorg. Ohem. 1028, 175, 409. 
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the nitrate or chloride in the cold, but it does so on boiling, when the SO 4 
is replaced by OHj. This looseness of attachment of the sulphate group is 
no doubt partly due to its being linked only by one oxygen, and not form¬ 
ing a ring, and the fact that in none of the other types does it show greater 
stability than in the pentammines (where it can only be linked through 
one oxygen) is an indication that in the tetrammine and triammine com¬ 
pounds also there is no sulphato-ring. 

Sulphito-complexes 

These are more numerous and more stable than the sulphato-compounds, 
and ‘pure’ complexes, such as those of the type M 3 [Co(S 03 ) 3 ] occur, as 
well as ammines like [Co(NH 3 ) 5 S 03 ]X. It is clear that the sulphito-group 
can occupy either one place in the complex (SOs) or two (SOJ); in the pure 
complex sulphites it is always two: in the ammines it is sometimes one 
and sometimes two. 

Complex Cobaltic Sulphites 

The double sulphites are mainly of the type M 3 [Co(S 08 ) 3 ]. The lithium 
salt (4 HgO) can be made®®® by warming lithium cobaltinitrite with lithium 
sulphite solution. It forms red crystals very slightly soluble in water 
(this small solubility is characteristic of all the salts of this group). It is 
decomposed slowly by water and at once by alkalies to precipitate the 
cobaltic hydroxide; acids form the cobaltous salt. The sodium (4 HgO), 
potassium (6 HgO), and ammonium (1 HgO) salts are all red, and almost 
insoluble in water.®®^ Owing to the presence of the easily oxidizable SOg 
groups the salts are liable to catch fire in air. 

Sulphito-cobaltammines^^^ 

Two questions arise about these compounds: ( 1 ) whether the SO 3 is 
attached to the cobalt by two links or one,®®^ and ( 2 ) whether these links 
are always through oxygen, or whether a direct Co—S link can occur. 

Cobaltic ammines are known with 1 , 2 , and 3 SO 3 groups to one cobalt. 
Of the monosulphites the pentammines [Co(NH 3 ) 5 S 03 ]X®®^ must clearly 
have the SO 3 group 1 -covalent; this is confirmed by the fact that the 
chloride is converted by hydrochloric acid into the purpureo-chloride 
[Co(NH 8 ) 5 Cl]Cl 2 . These sulphito-pentammines are brown salts soon decom¬ 
posed by water, which can form acid salts [Co(NH 3 ) 5 S 03 H]X 2 , owing to 
the presence of the negatively charged oxygen atom of the SO 3 . 

The tetrammine monosulphites may either be [Co(NH 3 ) 4 (OH 2 )S 03 ]X or 
[Co(NH 8 ) 4 S 05 ]X HgO. The former is the more probable view since they 
can have the HgO replaced by NOg,®®® to give the non-electrolyte 

[Co(NH 3 ) 4 (N 02 )(S 03 )]^ 

G. Jantsch and K. Abresch, Z, anorg, Chem. 1929, 179, 361. 

Ml F. L. Hahn, H. A. Meier, and H. Siegert, ib. 1926, 150, 126. 

M* E. H. Riesenfeld and W. Petrich, ib. 1924, 132, 99: the theoretical part is by 
Riesenfeld and the experimental by Petrich. 

M* K. A. Hofmann and S. Reinsch, ib. 1898, 16, 377. 
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The tetrammines M[Co(NH 3 ) 4 (S 03 ) 2 ] which occur in cis and trans 
modifications®®^® must obviously have 1 -co-ordinated SO 3 groups. 

The triammines M[Co(NH 3 ) 3 (OH 2 )(S 03 ) 2 ]®®®'®®® must have one mono- 
covalent SO 3 , but the other may be mono- as written above, or di- 
covalent with the water outside the bracket. They occur in two series, 
which Hofmann ascribes to cis-trans isomerism and not to any change of 
the structure of the SO3 groups; this has not been proved, but the di-en 
salt, where cis-trans isomerism is impossible but not the change in the 
SO3, could not be got in two forms.®®^ 

The diammine (NH 4 )[Co(NH 3 ) 2 (S 03 ) 2 l^®^ is almost certainly dichelate. 

The trisulphito-ammines such as (NH 4 ) 2 [Co(NH 3 ) 3 (S 03 ) 3 ] must have 
3 SO3 groups. 

The doubt whether the SO3 is linked to the cobalt through oxygen, as in 


Co —O—Sx and 



or through sulphur as in 


Co—S^O 


and (for SO 3 ) 



is raised only by the colours, 
is brown, it could not have 


Werner®®® argued that since [Co en 2 (S 03 )]X 

CoQsO, 


which should be red like the diaquo-compound. DuflF®®^ found that while 
the sulphato-di-en salts were red, the thiosulphate (which must have 



since they were not attacked by silver oxide) were brown. Hence, he says 
the golden-brown [Co en 2 (S 05 )Br], 3 HgO must have the Co—S link. 
Further, the sulphito-pentammines are brown, while the complex sul¬ 
phites M 3 [Co(S 03 ) 8 ] are red. We might accept this evidence for the Co—S 
link where the SOg occupies only one co-ordination place, but it does not 

yO 

justify the assumption of a 3 -ring. 


A. Wemer and H. Griiger, ib. 1898, 16 , 398. 

K. A. Hofmann and A. Jenny, Ber. 1901, 34, 3855. 

••• Ann. 1911, 386, 81. This paper is repeatedly quoted in this section, and 
because of its length (386, pp. 1-272) it is useful to mention the page referred to. 

J. C. Duff, J.CJ3. 1922, 121 , 450. 
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Halogen-complexes 

All four halogen elements can form part of cobaltic ammine complexes; 
the number of such cations formed by each element, according to Gmelin, 
is fluorine 4 ; chlorine 25; bromine 13; iodine 1 . As there are obvious 
reasons why the number of known fluorine complexes should be small, we 
may take it that the stability falls off as the atomic number of the halogen 
increases. 

The number of halogens united to a cobaltic atom in these complexes is 
F 1 , 2 ; Cl, Br 1 , 2 , 3; I 1 . No compound with more than three halogen 
atoms attached to a trivalent cobalt is known: this atom cannot form pure 
complex halides of such t 3 ^es as M[CoX 4 ] or M 3 [CoXfl]. In this it stands 
alone among trivalent metals, diflFering even from divalent cobalt, which 
gives a large number of complex halides of the M 2 [Co(hal) 4 ] type with all 
four halogens, and a considerable number of M 4 [Co(hal)e] salts with all but 
fluorine; yet we should expect an atom to form any such complexes more 
easily when trivalent than when divalent. It is probably a question of the 
relative aflGlnities of the Co-hal and the Co<—OHg links. 

In these ammine complexes the halogen atoms are less firmly attached 
than NOg groups. The mono-halogen compounds are stable in solution in 
the cold, but if the solution is boiled, or even warmed to 70°, the halogen 
is fairly rapidly replaced by HgO. With the di-halogen compounds the 
change is stiU easier, and hydrolysis to the aquo-compound occurs in solu¬ 
tion fairly quickly even in the cold, often with a striking change of colour, 
for example, with the [Co(NH 3 ) 4 Cl 2 ]X salt from blue to reddish-violet. 

The non-ionized trihalogen compounds such as [Co(NH 3 ) 3 Cl 3 ]° behave 
in the same way.®®®“® 

Note on Cis-trans Cobaltic Isomers 

The cis and trans isomers among these complexes differ greatly in ease 
of transformation; with some, only the stable series can be isolated. The 
isomers differ in other properties as weU, such as colour, solubility, and 
stability of the complex. Examples are given in Tables I, II, and III below 
(p. 1414). No differences characteristic of cis as opposed to trans 
compounds in general are to be expected, since the groups concerned 
differ so widely, especially in that some are neutral molecules and some 
radicals. The differences of stability seem to indicate that in complexes 
of the t 3 q)e 8 [CoAm4(H20)2]X3 and [CoAm4(H20)X']X2 (Am = NHg or 
an amine) the cis form is usually the more stable, while with [CoAm 4 X 2 ]X 
it is the trans. 

Differences in colour are almost invariable, and in some cases have led 
to different trivial names: thus in the dinitro-tetrammines 

[Co(NH3)4(N02)JX 

the yellow cis forms are called flavo and orange trans croceo. 


E. Birk, Z anorg. Chem. 1926, 158, 111. 


Id., ib. 1928, 175, 412. 
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In solubility in water the cis forms are more soluble (sometimes 10 times 
as soluble) where the groups other than 4 NHg or 2 en are HgO, NHj; 
2 HjO; or 2 NOg; they are less soluble when these are 2 NCS; NCS, Cl; 
NCS, NOg ; Cl, Br. Lists from Gmelin B follow. 


Cis-trans Differences 
I. Colour 


Qm. B, p. 

FormtUa 

Cis 

Trans 

119 

[Co en,(H,0),]X, 

Fiery red 

Brownish-red 

122 

[Co(NH,),(H,0),]Cl, 

Pale or red-violet 

Dark violet 

141 

[Co(NH,)en,(NO,)]X, 

Darker 

Paler 

143 

[Co enj(Ha0)N02]Xj 

Red 

Orange 

176 

[Co(NH8 ) enaBr]Xj 

Red-brown 

Blue-violet 

183 

[Co(]SrH8)enj,(CNS)]X2 

Both form brick-red to 
brown-red 


206 

[Co(NH,)4 (NO,)8]X 

Yellow (fiavo) 

Orange (croceo) 

264-6 

[Co en,(NCS)jlX 

Yellow-red 

Dark red 

266 

[Co enjCIBrIX 

Grey 

Green 

260 

[Co eiijBrglX 

Violet 

Green 

267 

[Co(NH,)4 (NCS)NOJX 

Brown-yellow 

Flesh-coloured 

269 

[Co en,(NCS)NOj]X 

Brown-yellow 

Dark brown 

271 

[Co en,a(NCS)p: 

Blue-pink 

Violet 

276 

[Co en,Br(NCS)]X 

Blue-red 

Blue 


II. Solubility 


Qm. B, p. 

Formvla i 

Cis 

Trans 

119 

[Co en,(H.O),]X, 

Very sol. water 

Less sol. water 

141 

[Co(NH.)en.(NO,)lX, 

More sol. 

Less sol. 

206 

[Co(NH,)4 (NO,)JX 

Much more sol. 

SoP 1/6-1/10 of cis. 

266 

[Co en,(NCS),]X 

Less sol. 

More sol. 

266 

[Co enjClBrJX 

Slightly sol. 

Easily sol. 

269 

[Co enj(NCS)NOj]X 

Slightly sol. 

Much more sol. 

271 

[Co en,Cl(NCS)]X 

Less sol. 

Much more sol. 


III. Cis-trans Stability 


Chn. R, p. 

Formvla 

Cis 

Trans 

119 

[Co eii,(H,0) JX, 

Cis -f-alkali goes to trans 


166 

[Co(NH,),(H,0)a]X, 

Only cis occurs 


178 

[Co(NH.).(H,0)Br]X, 

Only cis occurs 


176 

[Co en,(H80)Br]X, 

Only cis occurs 


228 

[0o(NH,)4a,pC 

In acid cis goes to the 
(in eicid) more stable 
trans 


233 

[Co py 4 Cl«]X 

.. 

Only trans known 

235 

[Co eUjCljJX 

Neutral goes to cis^ acid 
sol. to tran^. 


250 

[Co engBrglX 

The same 

The same 
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Note on Trivial Names of CobaUammines 
Many of these series have trivial names derived from the colours; these 
were first introduced by E. Fr 6 my in 1851-2, when the constitutions were 
not understood, and hence some of them do not fit the colours of all the 
compounds included in the definitions. The following are some of the 
more important (Am = NH3). 

Luteo. [Co(Am^)]X 3 . 

Roseo. [Co(Am 5 )(H 20 )]X 3 and [Co(Am 4 )(H 30 ) 3 ]Xj. 

Xantho. [CoAm^NOalXa: [CoAm 4 (H 20 )N 02 ]X 2 . 

Isoxantho. [CoAm 5 (—O—^N=: 0 )]X 3 . 

Purpureo. [CoAmBX'JXg, where X' = NO 3 , Cl, Br; also [CoAM 5 S 04 ]X. 
Flavo. cis [CoAm 4 (N 02 ) 2 ]X. 

Croceo, trans J en. \ pn, etc. 

Video, cis [CoAm 4 Xi]X. 

Praseo, trans \ en, etc., and X' = Cl, Br. 

Dichro. [CoAm 3 (H 20 )Cl 2 ]X. 

‘Erdmann’s salts.’ M[CoAm 2 (N 02 ) 4 ]. 

‘ Vortmann’s sulphate ’ is mainly 

H 


(NH3)4Co( )Co(NH3)4 


(804)2, 2 H2O. 


Polynuclear Cobaltic Complexes^^^ 

Among the complexes formed by any element there are always some 
which contain more than one atom of the element in question in the 
molecule. These have usually been omitted so far, because the evidence 
for their structure is as a rule insufficient to establish it with any certainty. 

With some elements, however, and especially with those of Group VIII, 
compounds of this kind, which Werner called polynuclear (mehrkemig), 
have been examined with care, and their structures made reasonably 
probable. This is especially true of the cobaltic compounds.®’®"^ For 
example, there is a series of bright-blue cobaltic salts of the composition 
[Co 2 (NH 2 )(NH 3 )io]X 5 . If these are warmed with a mixture of hydrochloric 
and sulphuric acids they break up into a mixture of the hexammine and 
ohloropentammine chlorides, which makes their structure clear: 
[(H 3 N) 3 Co-^Co(NH 3 ) 3 ]X 5 -f HCl = [(H3N)3Co]a3 + [Co(NH3)5a]Cl2. 

H H 

It is evident that the bridge holding the two cobalt atoms together is the 
NH 2 , which is united to one by a normal and to the other by a co-ordinate 
covalency. 

A. Werner, Ann. 1910, 375, 1. 

Wemei-Pfeiffer, Neu. Ansch. 1923, pp. 269-91. 


6114.1 


O O 
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A related series is that known as the Vortmann salts 


[Co,(]m3)s(OH)(NH2)]X,. 


If these are treated with concentrated nitric acid they add on a molecule 
of the acid to give a salt [Co 2 (NH 3 )g(OH 2 )(NH 2 )]X 4 (N 03 ) which is con¬ 
verted by liquid ammonia into the decammine-jiA-amino-salt itself. Now the 
decammine salt has in the molecule 11 co-ordinated groups (including the 
NH 2 ) to 2 cobalt atoms: we have seen that probably one of them, the NHg, 
forms a bridge and occupies one position on each cobalt, thus raising the 
co-ordination number to the 6 apiece needed for the stability of the triva- 
lent cobalt. The nitrate made from the Vortmann salt also has 11 such 
groups, and no doubt the NH 2 is acting as a bridge here too. The closely 
related Vortmann salt itself has only 10 groups, and it is not an improb¬ 
able suggestion that there is here a second bridge, formed no doubt by the 
hydroxy] group, raising the co-ordination number for each cobalt again to 
6 , thus: 

H 


(H3N)4Co( )Co(NH3)4 

H2 


X 4 . 


This is confirmed by the observation that the OH in this compound does 
not behave hke an ordinary hydroxo-group: it would normally be con¬ 
vertible by acids with great ease into OHg, but in this salt it is not. The 
resemblance of this linkage to that in a trivalent hahde such as auric 
bromide is obvious: 


Br\ 


H 

/0\ 

co( ;co. 

\N/ 

H, 


These polynuclear cobalt complexes occur with one, two, or three 
bridges between cobalt atoms, and there may be one set of such bridges 
(2 cobalt atoms) or two (3 Co) or three (4 Co). The groups acting as bridges 
are always attached by normal covalencies to one cobalt atom (as in 
Co—^N->Co) and sometimes to both (Co——Co). Practically the only 

H, H 

groups which can act as bridges in any of these complexes are NH,, NH, 
NO,, OH, Oj, O-CO-CHs, SO4, and SeO^. Where there is only a single 
bridge this is always either NH, or —O,—, the latter very rarely except 
in the curious complexes with tetravalent cobalt which are ^cussed 
later (p. 1420). The doubly bridged compounds have the pairs of bridges 
NH„ NH,; NH„ NO,; NH„ 0 • CO • CH,; NH„ SO* ; NH„ SeO* ; NH, SO, ; 
NH„ O,; NH, 0,; NH,, OH; OH. OH; OH, 0,; OH, O ■ CO • CH,. In the 
triply bridged complexes one bridge is always OH, a second usually OH, 
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but sometimes NH, and rarely NO, ; while the third can be NH,, NO,, 
OH, Ojor O CO CHs. 

One Bridge 

NHj: see above, p. 1416. 

Peroxo, as in [(NH 3 ) 5 C!o—Oj—Co{NH 3 ) 6 ]X 4 . These salts®’® are the first 
products of the action of air on an ammoniacal solution of a cobaltous salt; 
thus cobaltous nitrate Co(N 03)2 gives the nitrate of the above cation; it 
explodes at 200°, and its solution in acid, alkali, or water alone decomposes 
in the cold. These peroxo-compounds are chiefly remarkable for the ease 
with which they are oxidized to the Co'"—Co"" complexes (p. 1420). 


Two Bridges 

(1) NHj, NHj. These complexes seem to be very unstable, and have 
only once been made®’®; by drying the dichioro-tetrammine cia 

[Co(NH3)4Cya 

over phosphorus pentoxide the complex 


(NH3)4Co( )Co(NH3)4 


X 4 


was obtained as an ochre-red salt. 

Complexes in which only one of the two bridges is NH 2 are more stable. 
(2) NH 2 , OH. These have already been described (p. 1416); they are 
the Vortmann salts.®’®^ Corresponding en salts, such as 


/NH2^^ 

en2Co^ /Co eoj 
\HO/ 


are also known.®’® 

A very remarkable series of salts are those in which one of the bridges 
is a nitro-group. Thus by the action of nitrous acid on the amino-ol 
complexes (NH 2 , OH) the amino-nitro-complex can be made: for example 
the brown salt®’® 


(NH3)4Co: 



Co(NH3)4 


X. 


These compounds are extraordinarily stable; the NOj group is not split 
off even by boiling with concentrated hydrochloric acid: this strongly 
supports the view that the NOj forms a bridge. Though they are normally 
hydrated, the anhydrous salts can be made from them, so that it is not 

A. Werner, Ann. 1910, 375, 23, 83. Id.. Ber. 1907, 40, 4612. 

Id., Ann. 1910, 375, 16. •’» Id., ib. 76. 

A. Werner, F. Salzer, and M. Pieper, ib. 64. 
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an HO that forms the bridge. Corresponding aquo-nitro salts, with the 

Co(^^^^Co bridge are also known.®’^ They are dark violet or dark grey, 
and are very insoluble in water. 

(3) OH, OH.*»’® These are Werner’s ‘diol’ complexes, for example^’* 


H 

Am4Co^^ yCoAm^ 

^0/ 

H 


X 4 , 


made by dehydration of the hydroxo-aquo-tetrammine 


Am4Co> 


OH 

OH 2 . 


X,: 


they are gamet-red salts, which unlike the hydroxo-salts are neutral to 
litmus. The en salts are also known.^®® Anionic diols have likewise been 
made, such as the oxalato-complex®®^"^ 


K 4 


Three Bridges 
Examples are 
and the triol complex 


.OHx 


Ox2Co^ /CoOxj 


/NH. 




(NH3)3Co^OH^o{NH3) 


/01l\ 

(NH3),Co^HO-^Co(NH3)3 
\0H/ 


X 584-5 
3 ’ 


which can be made from the chloro- or bromo-aquo-triammines with 
aqueous sodium hydroxide. They are red salts. The evidence for the 
structure, especially of the last-mentioned series, is (1) that hydrochloric 
acid gives [Co(NH 3 ) 3 (H 20 )Cl 2 ]X, showing that each cobalt atom is 
attached to 3 ammonia molecules; (2) all the three X groups ionize; 
(3) the salts are neutral to water, and so cannot be aquo- or hydroxo-salts. 

The OH bridges are easily broken. Nitrous acid converts the triol into 
a nitro-diol,®®® and acetic acid into the acetate-diols.®®^ 


A. Werner and E. Welti, Ann. 1910, 375, 128. 

P. Pfeiffer, Z. anorg. Chem. 1901, 29, 130. 

A. Werner, Ber. 1907, 40, 4434. ««« Id., Ann. 1910, 375, 83. 

R. G. Durrant, J.C.S. 1905, 87, 1781. 

E. G. V. Percival and W. Wardlaw, ib. 1929, 2628. 

A. Werner, Ann. 1910, 375, 91. Id., Ber. 1907, 40, 4838. 

E. Birk, Z. anorg. Chem. 1928, 175, 411. 

A. Werner, A. Griin, and E. Bindschedler, Ann. 1910, 375, 123. 

A, Werner, ib. 116. 
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Trinuclear Complexes 

These complexes have a series of 3 cobalt atoms united by two bridges. 
The bridges may be double, as in 


OH, 

/OH\ i /OH\ 
enjsCo^ /Ook /Oo en. 


OH, 


X4 


red or brownish-red salts.®**®'® The bridges may also be triple; there are 
numerous salts known of the complex cation 


(NH3)3Cof-HO^Co'^HO-^Co(NH,), 

\oh/ \oh/ 


X3. 


These are green salts.^®® 


Quadrinuclmr Complexes 

These are almost confined to the salts of the dodecammine hexol ion 
and of the corresponding hexa-en complex. 

The dodecammine compounds were made^®^ by the action of alkali or 
aqueous ammonia on the di-aquo- or the chloro-aquo-tetrammine sulphate 
in the cold. Their constitution was established by Werner,^®* who showed 
that when they are treated with cold concentrated hydrochloric acid, 
enough chlorine is evolved to reduce one cobalt atom out of four from the 
trivalent to the divalent state (forming cobaltous chloride CoClg), while 
the other three atoms appear as the tetrammine cobaltic salt. Later®®® 
he resolved the bromide 


into its optically active forms, giving a further proof of the correctness of 
the structure, and also affording the first example of an optically active 
molecule containing no carbon. The en salts are very similar®®®; the nitrate 
{NOg)^ and the bromide, iodide, and thiocyanate all have three molecules 
of water, but the chloride appears to be anhydrous. The salts decompose 
slowly in water in the presence of a little alkali to form cobaltic hydroxide 
CogOg, HgO, Slid thc gTcen salts [Co en2{H20)0H]X2. 

&S8 Wemer, ib. 41. 

A. Wemer and G. Jantsch, JBer. 1907, 40, 4430. 

A. Wemer, Ann, 1910, 375, 141. 

S. M. Jorgensen, Z, anorg, Chem. 1898, 16, 184. 

A. Wemer, Ber. 1907, 40, 2118. 

Id., ib. 1914, 47, 3090. 



Co(NH3)4 


Br 
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TETRAVALENT COBALT 

The evidence for the occurrence of tetravalent cobalt is of a very singular 
kind. It is entirely confined to one small group of complexes, consisting 
of some (not all) of the binuclear peroxo-compounds, but in this group it 
seems to be very strong. As there are no indications of tetravalency in 
nickel and practically none in iron, its occurrence with cobalt is surprising, 
and the evidence for it clearly needs careful scrutiny. 

As we have seen, normal peroxide compounds of trivalent cobalt occur 
in which the O 2 group is exerting two valencies to the two cobalt atoms in 
the molecule as Co—Og—Co, giving a salt [(H 3 N) 5 Co—Og—Co(NH 3 ) 5 ]X 4 . 
But in addition to these salts, which are brownish-black, another series of 
deep-green salts can be made by oxidation,differing only in having an 
electrovalency of 5 instead of 4; they still contain the pentammine group, 
and so must have the structure [(H 3 N) 5 Co—Og—Co(NH 3 ) 5 ]X 5 . But if so, 
the two cobalt atoms are exerting between them 2 covalencies to the 
oxygen and 5 electrovalencies, or 7 in all, and so must be tri- and tetra- 
valent respectively. The remarkable point is, of course, that a valency of 
4 for cobalt is only known in this very peculiar position, in the group 
Co'"—O 2 —Co^^, which may be combined with a second and even a third 
bridge (see later). But in these binuclear peroxides this is the prevalent 
form; of the five series of peroxo-compounds that have been prepared, 
three exhibit this abnormal valency.^®® 

Werner fully recognized the exceptional nature of these compounds, and 
he has examined them with such care, both by analysis and by determina¬ 
tion of their oxidizing power, that there can be no doubt that the composi¬ 
tions assigned to them are correct; but further work on them by modern 
methods is much to be desired. There must obviously be resonance 
between the trivalent and the tetravalent cobalt atoms, and this must be 
favoured by the presence of the peroxide group. This resonance should 
have a marked effect on the colour, increasing the sharpness and the inten¬ 
sity of the absorption bands. Unfortunately many of these cobaltic 
complexes already have such intense colours that the further effect of a 
possible resonance is difScult to detect. The compounds themselves are 
enumerated in Werner’s N. Ansch, (ed. Pfeiffer), 1923, pp. 274-81). 

1. The decammine salts [(H 3 N) 5 Co—O 2 —Co^^(NH 3 ) 5 ]X 5 ®®^’® as already 
described are made by the oxidation of the trivalent peroxo-salts; they 
are bright deep-green, and the peroxide oxygen is much more firmly held 
than in the trivalent peroxides (perhaps on account of the resonance). 

2. The hexammine salts 


r Cl CI 2 1 

HO“—Co-~—O 2 —Co 
# % 
(H3N)3 (NH3)3J 


XB97 


are less stable than the others. 
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3. The octammine 


(H3N)4C 



0(NH3)4 


X, 


is formed along with the trivalent Vortmann salt by oxidizing ammoniacal 
cobaltous nitrate solution and saturating with sulphuric acid. These salts 
are intense green; they are rather easily reduced, and on warming with 
sulphuric acid give off the excess of oxygen quantitatively.^®® 

4. The 4 NH3 groups on each cobalt in the last compound can be replaced 
by 2 en groups; the 4-en compound produced®®® is deep green. 

5. These tetra-en salts will go over into an isomeric red form, which has 
a trivalent cation and is written by Werner®®® 


or, the nitrate 


HX 

enaCo\ /Co euj 

^0/ 


^0, 

\nh/" 

HNO, 


/Oa\ 

en2Co''(^ /©■''eng 


(N03)3, 2 H3O 


6. Another type which can be got from the above, and are intense 
brown, are 

r 

enjCoy /Co eng I 
L NOg/ 

7. A hexammine salt 


X,. 


/NHgN. 

(H3N)4CoC^ 


8 . The corresponding dibromide. 


9. The salt 


^(NHglg 

HgO/^^Og/^^^OH . 


10. These tetravalent cobalt salts can also occur with three bridges 
instead of one or two. The so-called melanochloride, which is got by 
oxidizing an ammoniacal solution of cobaltous chloride, contains the salt 


/NHav 1 

(H3N)30o'^C0H-~Coiv(NH3)3 Qa* 


G. Vortmann, Mon. 1885, 6, 404. 

695 A, Werner and A. Mylius, Z, anorg. Chem. 1898, 16, 246. 
596 ^ Werner, Ann. 1910, 375, 1-141. 

Id., ib. 61, 70. 


Id., ib. 137. 
Id., ib. 72. 



1422 


Oroup VIII. Cobalt 

These salts are also made by the action of ammonium chloride on the 
tri-tetravalent octammine salt described under 1. These salts have an 
intense green colour, and a neutral reaction to litmus.®®® 

It has recently been found®®^ that both the decammine and the octam¬ 
mine salts (1 and 3 above) have magnetic moments of 1-6 to 1*7 Bohr 
magnetons. 

Cobalt Carbonyl Complexes 

The various valencies of the elements in their carbonyl and nitrosyl 
complexes have so little relation to those in other compounds that these 
complexes are better discussed separately. 

There are two ‘pure’ carbonyls of cobalt, Co 2 (CO )8 and Co 4 (CO)i 2 , both 
of which comply with the ‘inert gas rule’ (IV. 548). Their structures are 
unknown, but it is possible that the first is similar to Fe 2 (CO )9 (p. 1369) but 
with one of the three linking CO groups absent; if the two cobalt atoms 
are directly linked, this would make them trivalent and 6-covalent, with 
the E.A.N. 36. 

The ‘tetracarbonyl’ Co 2 (CO )8 can be made by the action of carbon 
monoxide at 1-200 atm. and at 150-200° on finely powdered cobalt®®^: or 
in presence of copper (or some other metal that can take up sulphur or 
halogens) on cobalt sulphide CoS or on a cobaltous halide (best Col 2 ).®®^’®®^ 
This last is the best method. It forms orange crystals which are quickly 
oxidized by air. Its molecular weight was determined by the freezing- 
point in benzene®®^ in which, as in other organic solvents, it is readily 
soluble. At 50° or above it loses carbon monoxide to form the ‘tricar- 
bonyl’ Co 4 (CO)i 2 ,*®^ very unstable black crystals easily oxidized by air, 
and much less soluble than the first compound, though it can be recrystal¬ 
lized from hot benzene; its molecular weight was found by the freezing- 
point in iron pentacarbonyl.®®® 

Co 2 (CO )8 forms the volatile hydride Co(CO) 3 COH with great ease, for 
example on treatment with bases: 

3 Co2(CO)8 + 4 HjO - 4 Co(CO) 3COH + 2 Co(OH)2 + 8 CO. 

It is also formed in the preparation of this carbonyl if moisture is present, 
and it can be made by heating cobalt powder with carbon monoxide and 
hydrogen, or cobaltous oxide with carbon monoxide.®®^ In fact the reaction 

2 Co(CO)3COH Co 2(CO)8 + Hg 

is reversible. The best way of making the hydride®®^ is by saturating a 
solution of cobaltous nitrate in water at 0° with carbon monoxide in 
presence of potassium cyanide. This gives a yellow solution of the salt 

A. Wemer, Ann. 1910, 375, 104. L. Malatesta, Gaz. 1942, 72, 287. 

L. Mond, H. Hirtz, and M. D. Cowap, J.C.S. 1910, 97, 798. 

608 \\r Hieber, H. Schulten, and R. Marin, Z. anorg. Chem, 1939, 240, 261. 

H. Schulten, ib. 1939, 243, 145. 

W. Hieber, F. Miihlbauer, and E. A. Ehmann, Ber. 1932, 65, 1090. 

W. Hieber and H. Schulten, Z. anorg. Chem. 1937, 232, 17. 

A. A. Blanchard and P. Gilmont, J.A.C.B. 1940, 62, 1192. 
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K[Co(C0 )4]. On the addition of hydrochloric acid the hydride Co(CO) 3 COH 
is liberated and carried off by the carbon monoxide stream, from which it 
can be frozen out at —78^^. 

The hydride®®® forms pale-yellow crystals with an unpleasant smell, 
boiling-point extrapolated +10°, melting-point —26*2°. The vapour has 
a deep-yellow colour.®®’ It begins to decompose a httle above its melting- 
point. Electron diffraction®®® shows that it has a tetrahedral structure, 
which proves that like the iron analogue it has the hydrogen attached 
to the oxygen; the Co—C distances are for three of the carbons 1*75 and 
for the fourth (in —COH) 1-83 (theory for Co—C 2-09 A). 

The hydride forms metallic derivatives like an acid®®®*®^®; for steric 
reasons these are more numerous than those of the iron carbonyl hydride 
(p. 1371); they liberate the hydride when treated with dilute hydrochloric 
acid. The derivatives of the alkalies (like the compound K[Co(CO) 4 ] men¬ 
tioned above) are salts giving yeUow solutions.®®’ Those of many of the 
heavy metals are covalent, and can be formed directly; thus if cobaltous 
bromide or even metallic cobalt is heated with zinc under a high pressure 
of carbon monoxide, a 100 per cent, yield of the compound Zn(Co(CO) 4)2 
is obtained. Cadmium and mercury will do the same, and will combine 
directly with the tetracarbonyl under 200 atm. at 180°. Gallium, indium, 
and thallium (which last forms both a thaUous and a thaUic compound) 
behave in the same way, but not copper, silver, germanium, or lead. Tin, 
however, gives pale-yellow crystals of Sn[Co(CO) 4 ] 4 , the only known mole¬ 
cule with 16 CO groups. 

These so-called ‘mixed’ carbonyl derivatives are all crystalline, soluble 
in benzene and ligroin but not in water, and monomeric by the freezing- 
point in benzene. They are stable up to 70° (though Co 2 (CO )8 decomposes 
at 50°), but liberate the hydride with dilute hydrochloric acid. Nitric 
oxide converts them into Co(CO) 3 NO, and halogens into the metallic 
halide and Co 2 (CO) 8 . 

Co 2 (CO )8 reacts also with bases Uke pyridine and phenanthroline, and 
even with alcohol, displacing some of the CO groups and forming for 
example Co 2 (CO) 5 py 4 and Co 2 (CO) 5 CH 3 • OH, this last forming black crystals 
which give a blood-red solution in alcohol, and are almost insoluble in 
water or organic solvents other than glacial acetic acid, in which they are 
shown by the freezing-point to be monomeric.®®^ 

Except for an unstable compound Co(CO)l 2 which is an intermediate 
product in the reaction of cobaltous iodide with carbon monoxide rnider 
pressure®®’ cobalt (unlike iron) forms no carbonyl halides. 

Cobalt Nitrosyls 

There are no ‘pure’ nitrosyls of cobalt, but we have the carbonyl 
nitrosyl, the nitrosyl halides, and certain nitrosyl ammines. 

W. Hieber and H. Schulten, Z. anorg. Ghem. 1937, 232, 29. 

R. V. G. Ewens and M. W. Lister, Trans, Far. Soc. 1939, 35, 681. 

W. Hieber and E. Fack, Z. anorg. Chem. 1938, 236, 83. 
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Cobalt carbonyl nitrosyl Co(CO) 3 NO can be made by the action of 
nitric oxide on the carbonyl Co 2 (CO )8 at or better®®^*®^^^^ by 

passing it through the solution of K[Co(CO) 4 ] made (p. 1423) by treating 
a cobalt salt in water with carbon monoxide in presence of potassium 
cyanide. It is a dark-red mobile liquid, monomeric in the vapour®^^; it is 
diamagnetic.®^® Electron diffraction®^® shows that the M—C—0 and 
M——O groups are linear and tetrahedrally arranged. This compound, 
Fe(CO) 2 (NO) 2 , and Ni(CO )4 are obviously similar in structure, and are iso- 
electronic (as they are with the hydrides Co(CO) 3 COH and re(CO) 2 (COH) 2 ). 
The atomic distances found in these compounds,®^® and their boiling- and 
melting-points are given below: 



M—C 

M- 

-N 




Obs, 

Calc, 

Ohs, 

Calc, 

C—0 

N—0 

Fe(CO)2(NO), 

1*84 

200 

111 

1-93 

M6 

M2 

Co(CO)8NO . 

1-83 

202 

1-76 

1-95 

M4 

MO 

Ni(CO)4 

1-82 

219 



1*15 

•• 

Other calculated values: C—0 

O 

1! 

O 

C=0 

N—0 

N=0 

N=0 


1-43 

1*22 

MO 

1-36 

M6 

1*06 



Fe(CO)s(NO), 

Cc(CO)sNO 

Ni(CO)4 

B. pt. 

110° 

78-6° 

43° 

M. pt. 

-fl8° 

-ll® 

-23° 


The NO groups appear to be more firmly held than the CO, since it is 
the latter that are replaced by amines: for example, Co(CO) 3 NO gives with 
o-phenanthroline Co(CO )(N0 )phthr.®^® 

There is also a series of nitrosyl pentammines, derived from cobaltous 
salts. Nitric oxide acts®^’^"^® very readily in the cold on an ammonical 
solution of a cobaltous salt to give two isomeric series of salts, one red and 
the other black, of the composition [Co(NH 3 ) 5 NO]X 2 . The red salts are 
probably®^® true nitroso-compounds, with the group Co—N==0: they are 
not hyponitrite derivatives, since they do not give hyponitrous acid®^®; 
with hydrochloric acid they do not evolve nitric oxide, but form the 
chloro-compound [Co(NH 3 ) 5 Cl]Cl 2 ; and they are diamagnetic, like all the 
ammines of trivalent cobalt. The black isomers, on the other hand, 
evolve nitric oxide with hydrochloric acid, being converted into cobaltous 
chloride; and they are paramagnetic. We may conclude that they are 

fill R. L. Mond and A. E. Wallis, J.C./S. 1922, 121, 34. 

•12 F. Reiff, Z. anarg. Chem, 1931, 202, 375. 

fii2 A. A. Blanchard, J. R. Rafter, and W. B. Adams, J.A.C.S. 1934, 56, 16. 

fiifi G. W. Coleman and A. A. Blanchard, ib. 1936, 58, 2160. 

fiifi W. Hieber and J. S. Anderson, Z. anorg, Chem. 1933, 211, 132. 

fiifi L. O. Brockway and J. S. Anderson, Trans, Fa/r. Soc. 1937, 33, 1233. 

fii’ J. Sand and O. Genssler, Ber, 1903, 36, 2083. 

fiifi Id., Ann, 1903, 329, 194. 



Nitrosyls 


1425 


nitrosyl compounds with the structure [(NH 3 ) 5 Co—N= 0 ]X 2 , which, 
however, is unusual in that the E.A.N. of the monovalent cobalt atom 
is 38 .«i»*« 2 o 

The nitrosyl halides Co(NO) 2 hal are formed (as with iron) by the action 
of nitric oxide on cobaltous halides.®^! They are most readily formed by 
the iodides, and least by the chlorides; with bromine and chlorine metallic 
cobalt or zinc must be added to remove part of the halogen. The melting- 
points are Co(NO) 2 Cl 101 °, Co(NO) 2 Br 116°, Co(NO) 2 l 131°. They are 
stable substances, and sublime unchanged in carbon dioxide, hydrogen, 
nitric oxide, or even air. They are somewhat soluble, the chlorides most, 
in water {with, some hydrolysis) and in organic solvents, but not enough 
for their molecular weights to be determined. We may suppose them to 
be dimeric, like auric chloride or its alkyl derivatives: 


Oe^N\ 




:o\ 


/X\ 

X/ 


;co( 


-f -f- 

/N:^0 




This makes the cobalt monovalent and 4-covalent, with the usual E.A.N. 
for a nitrosyl of 36. When the iodide is treated with pyridine it loses a 
molecule of nitric oxide and forms a sohd of the composition Co(NO)I,py6, 
which it is almost impossible to formulate; with o-phenanthroline it 
forms an addition compound Co(NO) 2 l(phthr.), which may be written in 
the monomeric form as the salt 


r + + __ -f 1 + 

. +)Cof 1. 

Lo^n/ \nJ 

4" 

where N stands for the nitrogen atom of the amine. 

In this the cobalt is monovalent, with the E.A.N. 36. 


Valencies of Cohalt in the Carbonyls and Nitrosyls 
The values of the valencies and the covalencies of the cobalt in the chief 
types of these complexes are: 



Valency 

Covalency 

CO,(CO), . 

Prob. 3 

1 Prob. 6 

Co(CO)3 COH 

1 

„ 4 

Co(CO),NO . 

» 1 

4 

[{NHjjsCo—N=0]X, . 

„ 3 

„ 6 (E.A.N. 38) 

(Co(NO),hal)s 

M 1 

„ 4 


It ip to be noticed that with an E.A.N. of 36 the valency of the cobalt is 
necessarily 1 if it is 4-covalent, and 3 if it is 6 -covalent. 

J. L. Milward, W. Wardlaw, and W. J. R. Way, J.C,S. 1938, 233. 

A. Werner and P. Karrer, Helv. Chim. Acta, 1918, 1 64. 

W. Hieber and R. Marin, Z. anorg, Chem. 1939, 240, 241. 


NICKEL«22 

Nickel has a valency of 2 in nearly all its compounds, and in all its simple 
salts, but there is a small group of unstable compounds, entirely confined 
to the complex cyanides M[NiCy 3 ] and a few of their derivatives, in which 
it is undoubtedly monovalent. In the carbonyl Ni(CO )4 and in the 
remarkable cyanide K 4 [Ni(CN) 4 ] it is non-valent. On the other hand, 
there are certain hydroxides in which the valency may probably be 3, 
and possibly, but not probably, 4 as well. The general relations of these 
valency states have already been discussed. 

Nickel is rather more than twice as abundant as cobalt in the earth’s 
crust, the proportion being 1 part in 10,000; in the whole mass of the 
earth the proportion is no doubt greater: nickel is nearly always found in 
iron meteorites, and there must be a considerable concentration in the 
central iron core of the earth; Sonder®^^ guesses it to be about 3 per cent.; 
in the sun’s atmosphere the ratio Fe/Ni is 17 (in the earth’s crust it is 510). 

Nickel is found chiefly in combination with sulphur, arsenic, and anti¬ 
mony (millerite, NiS: kupfernickel NiAs); its chief source is an igneous 
dike of p 3 Trhotite (Fe^S^^.i) at Sudbury in Ontario, which contains 
3 5-5 per cent, of nickel and 0*2-8 per cent, of copper. 

Tlie commercial separation of nickel is usually effected by one of two 
processes. The first (the Mond process) depends on the formation and 
decomposition of nickel carbonyl; the ore is converted into oxides, and 
these are reduced by water gas at 250-350°, at which temperature the 
ferrous oxide and cuprous oxide are not reduced. Carbon monoxide is 
then passed over the mass at 50°, and the nickel converted into the 
carbonyl (b. pt. 43°), which is passed through tubes heated at 150-200°, 
where it is decomposed. 

The method now used for the Sudbury nickel is the Orford process, 
known as ‘tops and bottoms smelting’ {Kopfbodenschmelzen). The ores 
are fused with nitre cake (sodium hydrogen sulphate) and coke, and so 
converted into a mixture of sulphides with sodium sulphide. Two layers 
are formed in the melt; the upper consists of a double salt of sodium 
sulphide, ferrous sulphide, and cuprous sulphide (with about 3 per cent, 
of the nickel present) and the lower, of the uncombined nickel sulphide 
with about 10 per cent, of the copper. After solidification the silvery 
upper layer is cut off from the black lower layer; for complete separation 
the process is repeated. 

Nickel occurs to a small extent in animals and plants; the amount is 
from 0*1 to 3 parts per million of dried substance, which is from 1/1,000 
to 1/30 of the amount in the rocks, and from 5 to 15 times as much as the 
cobalt content of these organisms. 

Nickel, of which 45,000 tons were produced in 1933, 20,000 of them in 

In the volume in Abegg’s Handbuch on nickel, which appeared in 1937 (Bd. iv. 
3, 4) the literature of the subject is fuDy given. This is referred to below as Abegg, 

p. X, 

R. A. Bonder, Z. anorg, Chem. 1930, 192 , 257. 
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Canada and the U.S.A., is used for coinage purposes, for various alloys 
(German silver contains 10-20% of nickel, 40-70% copper, and 5-40% 
zinc: constantan, which has an abnormally small temperature coefficient 
of electrical conductivity, 40% nickel and 60% copper : nichrome, used for 
electrical heating, 60% nickel and 40% chromium); it is also used very 
largely for electroplating. 

Cobalt and nickel were the first observed case in which the chemical 
order of the elements was not that of the atomic weights; the whole 
behaviour of the elements shows that the natural order is Fe—Co—Ni: 
the valency table given above in the summary is sufficient evidence of 
this; but the order of the atomic weights is Fe 55*84; Ni 58*69; Co 58*94. 
This inversion was recognized quite early in the history of the Periodic 
Table, and the original object of Moseley’s determination of the wave¬ 
lengths of the shortest X-rays of the elements was to see whether those of 
nickel and cobalt would come in the order of the atomic weights or in that 
of the chemical properties. We now know that the inversion is due to the 
predominance of the fighter of the two main isotopes of nickel (58, 67*5 per 
cent.; 60, 26*7 per cent.), while cobalt is practically if not absolutely 
pure 59. 

Metallic Nickel 

Nickel is a hard silver-white metal, melting at 1,452° C., with a vapour 
pressure of 3*52x10'^ mm. at 1,310° C., and a heat of sublimation of 
101*64 k.cals. at 0° ; it can receive a high degree of polish; it is ferro¬ 

magnetic, but less so than iron.®^® Its electrical conductivity is 13*8 per 
cent, and its heat conductivity 15 per cent, of those of silver. 

In the compact form nickel is very stable to air and water, perhaps 
because it is covered by a layer of oxide, since the fine powder is pyro- 
phoric.®2®~'^ Nickel wire will burn in oxygen. Dilute acids dissolve it, 
but more slowly than iron. The normal potential to the hydrogen elec¬ 
trode of nickel is —0*25 volt (cobalt —0*26, iron —0*44). 

Nickel, especially the metal, is a very powerful catalyst; the salts are 
much less effective. Nickel and platinum are the best known metallic 
catalysts, and recent experience shows that the third metal of Group 
VIII C, palladium, comes near them. Nickel is especially useful for the 
hydrogenation and dehydrogenation of organic compounds,owing perhaps 
to the considerable solubility of hydrogen in this metal. Our knowledge 
of this activity is largely due to the w'ork of Sabatier in the years from 
1897 onwards. As its efficiency depends on the extent of its surface, the 
oxide is reduced with hydrogen at the lowest convenient temperature, 
from 150° to 250°; it is often spread on a carrier such as silica gel, coke, 
pumice, asbestos, etc. A very finely divided metal made by reducing 
nickel chloride with the Grignard reagent in ether is also very active. The 

*2^ H. L. Johnston and A. L. Marshall, J,A.C,S. 1940, 62, 1382. 

625 See G. Le Clerc and A. Michel, C.R. 1939, 208, 1583. 

626 G. Tammann and W. Koster, Z. anorg. Chem. 1922, 123, 196. 

•27 R. Fricke and W. Schweckendiek, Z. Elektrochem, 1940, 46, 90. 
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activity of the metal may be increased by the addition of other metals, 
and of oxides such as thorium dioxide, alumina, and magnesia. In organic 
reductions nickel is as effective for removing oxygen as for adding hydro¬ 
gen. It is very largely used for the hardening of fats, that is, for the 
conversion of liquid oleic acid and its esters into the solid stearic com¬ 
pounds, in the manufacture of margarine; for this purpose the finely 
divided oxide is suspended in the oil, and reduced at 180° with hydrogen: 
or the formate can be used, which is converted into the metal at 250°.®^® 

Nickel and Hydrogen 

Nickel, like the other two members of Group VIII C, has a consider¬ 
able power of absorbing hydrogen. Taylor and Burns®^® give the following 
values of the volume of hydrogen absorbed by one volume of various 
metals at 26°; 

Cu Fe Co Ni Pd Pt 

005 005 006 4 15 753 3 405 

At higher temperatures hydrogen has a measurable solubility in the metal, 
especially in the liquid state. The mean values given by Abegg®*® for the 
solubility at 1 atm. pressure, in mg. of hydrogen to 100 g. nickel, or in 
volumes of hydrogen at N.T.P. per volume of nickel (which happen to be 
numerically the same) are: 

at 212^ C. 1,400° (solid) 1,465° (liquid) 1,600° C. 

016 1-64 3-50 3-87 

At 400° and 600° C. they are 0-328 and 0-542.®®^ 

When anhydrous nickel chloride acts on phenyl magnesium bromide in 
an atmosphere of hydrogen a black powder of the composition NiHg is 
produced, which may be a definite hydride,®®®"® and may be formed from 
an imstable Ni(CeH 5 ) 2 . It is an active reducing agent. See further 
references ®®^’. 

Nickel and Carbon 

Molten nickel wdll dissolve as much as 6*25 per cent, of carbon, but no 
compound seems to be formed. 

Nickel and Nitrogen 

The solubility of nitrogen in nickel at 460° is only 0*07 per cent., but a 
nitride Ni^N can be made®®® by heating nickel or its fluoride or bromide 

For full references see Abegg, p. 412. 

H. S. Taylor and R. M. Burns, J.A.C.S. 1921, 43, 1276. p. 390. 

M. H. Armbruster, J.A.C.S. 1943, 65, 1043. 

W. Schlenk and T. Weichselfelder, Ber. 1923, 56, 2230. 

«33 Weichselfelder and B. Thiede, Ann. 1926, 447, 64. 

T. Weichselfelder and M. Kossode, Ber. 1929, 62, 769. 

A. A. Balandin, B. V. Jerofeev, K. A. Petscherskaja, and M. S. Stacanova, 
J. Oen, Chem. Ruse. 1941, 11 , 677. 

Id., Acta Phya.^Chem. U.R.S.S. 1943, 18 , 167. Id., ib. 300. 

R. Juza and W. Sachaze, Z. anorg. Ohem. 1943, 251, 201. 
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in ammonia at 446°; it has a hexagonal close-packed lattice of nickel 
atoms, with nitrogen atoms in the interstices. It is stable to alkalies, 
but is attacked by acids. 

Nickel and Phosphorus 

A tensimetric and X-ray study of the system nickel-phosphorus®®® shows 
the existence of NiPg, NiPg, NigP, and probably NieP 5 . 

Non-valent Nickel 

Nickel is of course non-valent in the carbonyl Ni(C0)4, but another 
compound has been prepared in which also its valency must be zero. This 
is the salt K 4 [Ni(CN) 4 ] obtained by reducing the monovalent nickel salt 
K 2 [Ni(CN) 3 ] with potassium in Liquid ammonia.®^® It is a yellow solid, 
copper-coloured when dry, which blackens at once in air, and decomposes 
water with evolution of hydrogen. Metallic calcium can be used for 
making it in place of potassium.®^^ 

This compound can be regarded as the carbonyl Ni(CO )4 in which the 
4 neutral CO groups have been replaced by 4 monovalent cyanogen ions. 

MONOVALENT NICKEL 

Nickel is imusual among the transitional elements in forming a few 
isolable compounds in which it is definitely monovalent. 

The supposed oxide NigO®^® and sulphide NigS have been shown not to 
exist. The X-ray diagram given by the former contains no lines except 
those of nickel and nickelic oxide NiO.®^® 

Nickel Monocyanide^ NiCN 

When the red solution of the salt KgNiCyg (made by reducing the 
ordinary double cyanide K 2 NiCy 4 ) is acidified, the colour disappears, and 
the compound NiCN is precipitated in orange flocks.®^^“^ It gradually 
oxidizes in air to give a mixture of the green dicyanide Ni(CN )2 and the 
oxide NiO. It absorbs carbon monoxide to give a yellow compound which 
is apparently (Ni(CN)CO)j, and it dissolves in potassium cyanide solution 
to re-form the red salt KgNiCyg. 

This salt KgNiCyg®^®"® is the best known of these monovalent nickel 
compounds. It is made by reducing a cold saturated solution of potassium 
nickelicyanide K 2 NiCy 4 with potassium or sodium amalgam in an atmo¬ 
sphere of hydrogen, and precipitating with alcohol; the reduction can also 
be carried out (in potassium cyanide solution) with zinc, stannous chloride, 
alkaline hypophosphite, or by electrolysis.®^^ The product is a dark-red 

W. Biltz and M. Heimbrecht, ib. 1938, 237, 132. 

•^0 J. W. Eastes and W. M. Burgess, J.A.C,S. 1942, 64, 1187. 

Id., ib. 2716. «« F. Glaser, Z. anorg, Chem. 1903, 36, 1. 

G. R. Levi and G. Tacchini, Gaz. 1926, 55, 28. 

I. Bellucci and R. M. Corelli, Atti E. 1913, [6] 22, ii. 486. 

Id., Z, anorg, Chem. 1914, 86, 88. 

«*® I. Bellucci, Gaz. 1919, 49, ii. 70. 

®*’ G. Grube and H. Lieder, Z. Mektrochem. 1926, 32, 661. 
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oily substance, which rapidly decomposes in air with change of colour. 
K 2 Ni(CN )3 is diamagnetic.®^® This must mean either {\) there is no unpaired 
spin, or (2) the unpaired spin exists, but is quenched because of some inter- 
or intra-atomic interaction. As there is no theoretical reason to think that 
(2) is true, Mellor and Craig suggest the formula 


r CN 

CN 

1 

NC—Ni- 
1 

-Ni—CN 

1 

1 

L CN 

CN 


with linked atoms of divalent nickel. It dissolves readily in water to give 
a red solution, the colour of which is so intense that \ mg. of nickel can 
be detected in this way in presence of excess of cobalt. The extinction 
coefficient e is 10 times as great as that for the nickelicyanide K 2 NiCy 4 . 

The solution is very unstable. It evolves hydrogen slowly in the cold, 
and rapidly and quantitatively on boiling, to give divalent nickel. The 
cold solution in absence of air precipitates a fine powder of metallic nickel. 
If it is shaken with air it rapidly oxidizes to divalent nickel, and at the 
same time a certain amount of hydrogen peroxide is formed. In alkaline 
solution and in the absence of air the compound is more stable; if the 
solution is made up with boiled out water and a layer of ligroin run onto 
the surface to exclude air, it can be kept unchanged for days.®^® 

Potassium nickelocyanide KgNiCyg is of course a very vigorous reducing 
agent. It will reduce silver nitrate, lead chloride, or mercuric chloride to 
the metal. The solution readily absorbs both carbon monoxide and nitric 
oxide, giving carbonyl and nitrosyl derivatives; see below, p. 1451. 

DIVALENT NICKEL 

This is the predominant valency of nickel, and the valency which it 
has in aU its simple salts. 

The hydrated nickelic salts are green, sometimes with a yellow or bluish 
tinge. Their colour in solution is always green, and it is remarkably little 
affected by concentration or temperature, especially as compared with the 
cupric, or still more, the cobaltous salts. It was in connexion with this 
work that A. Beer discovered in 1852 the law that goes by his name.®®® 

The anhydrous salts are mostly yellow, but the iodide Nilg is black, and 
the thiocyanate Ni(CNS )2 chocolate. The ammines are mostly blue. All 
the simple nickeUc salts are paramagnetic. 

Nickel OxidCy NiO 

Pure nickel oxide cannot be made by heating the metal in oxygen; 
below 400° the product stiU contains metallic nickel, and at 400-480° it 
contains up to 3 per cent, of the sesquioxide NigOg. The monoxide can, 

•*« D. P. Mellor and D. P. Craig, Proc. Roy. Soc. N, S. Wales, 1943, 76, 281. 

A. Beer, Pogg. Ann. 1862, 86, 78. 
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however, be made by heating the hydroxide or carbonate in absence of 
air to 600°, or the nitrate to 1 , 000 °. 

It forms a green powder, and is found in nature as the mineral bunsenite, 
in dark green opaque crystals. It is isomorphous with cobalt monoxide 
CoO, and has a sodium chloride lattice.®^^^^ It melts at 1,990° its 
vapour pressure at this temperature is low, but it becomes considerable 
at 2,350° C.; the dissociation pressure of oxygen is low even at these 
temperatures. 

Nickel oxide is practically insoluble in water, but if it has been prepared 
at not too high a temperature it is easily soluble in acids; strong ignition 
converts it into grey octahedra, whose solubility in acids is small. 

The finely powdered oxide has the power of taking up more oxygen even 
in the cold, and turns black in so doing; this behaviour is further discussed 
later under trivalent nickel (p. 1449). 

Nickelic Hydroxide, Ni(OH )2 

This separates from a solution of a nickel* salt on addition of alkali as 
an apple-green precipitate, soluble in acids, ammonia, and ammonium 
salt solutions. It is Yery difiicult to wash free from salts, especially from 
anions, and is best made by the action of alkaline hydroxide on the nitrate, 
or of water on an ammine. It is isomorphous with the cobalt compound 
Co(OH) 2 , and its lattice is of the cadmium iodide type. It readily takes up 
more water, and when it is precipitated may contain as much water as 
corresponds to Ni(OH) 2 , 1-5 HgO; but on heating or in a vacuum this 
excess is steadily lost until Ni(OH )2 remains, and the Debye X-ray pat¬ 
terns do not indicate the existence of a higher hydrate.On further 
heating the last molecule of water is slowly lost (at 230° under 10 mm. 
pressure), but this process is irreversible, and if nickel oxide is treated 
under any conditions with water the product gives no Ni(OH )2 X-ray lines, 
but only those of the monoxide.®®^ 

Nickel hydroxide is almost insoluble in water; the solubility product is 
about 10 ^^®, which means that the saturated solution is about 10 ® 
normal®®^ (about 0*1 rng./litre). 

Nickel hydroxide dissolves in aqueous ammonia to give a blue solution; 
no solid ammine can be isolated from this, but the relation between the 
NH 3 concentration and the amount of nickel dissolved suggest that the 
substance formed is the tetrammine [Ni(NH 3 ) 4 ](OH) 2 .®^^ 

* The phrase ‘nickel salt’ when not otherwise qualified may be taken always to 
mean a salt of divalent nickel. 

S. B. Hendricks, M. E. Jefferson, and J, F. Shultz, Z. Krist. 1930, 73, 370. 

R. W. Cairns and E. Ott, J.A.C.S. 1933, 55, 527. 

H. V. Wartenberg and E. Prophet, Z. ayiorg. Chem, 1932, 208, 369. His earlier 
value of 2,090° is here corrected. 

G. F. Hiittig and A. Peter, ib. 1930, 189, 183. 

K. Murata, Bvll. Chem, Soc, Japan, 1928, 3, 267. 

«« W. Bonsdorff, Z, anorg, Chem. 1904, 41, 132. 

5114.2 p p 
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Nickel Sulphide, NiS 

This is precipitated by ammonium sulphide from a nickel solution 
which is neutral or weakly acidified with acetic acid, but not in presence of 
hydrochloric acid. It forms a black precipitate, which seems to change 
over after it has separated into a form insoluble in acids; for though it is 
not formed in presence of hydrochloric acid, it will not dissolve in hydro¬ 
chloric acid when once it has been precipitated in neutral solution. 

Nickel sulphide occurs in three forms, of which the a- is amorphous and 
unstable in air: the JS- is the form usually prepared synthetically, and seems 
to be the most stable of the three: the y-form is rhombic, and is identical 
with millerite.®^® 

The ordinary black form is practically insoluble in water, the solubility 
product being 1*4x10"^^ so that the saturated solution is 1 * 2 x 10 "^® 
normal.®®^ There is another sulphide NigSg, whose crystal structure gives 
Ni—S as 2-28 A (theory for Ni—S 2-28).®®® 

For indications of possible compounds NiTe ahd NiTcg see reference ®®®. 

Dihalides of Nickel 

These are formed by all four halogens. 

Nickel Difluoride, NiFg 

The anhydrous salt is best made®®® by the action of gaseous hydrogen 
fluoride on dry nickel chloride, or by heating the double ammonium 
fluoride (NH 4 ) 2 [NiF 4 ]. It forms brownish-green crystals which have a 
rutile lattice. It can be sublimed in a stream of hydrogen fluoride above 
1,000®. Probably®®^ the only stable hydrate is NiFg, 4 H 2 O. This forms 
pale-green crystals which do not lose their water of crystallization even 
over sulphuric acid. The change of lattice from the anhydrous to the 
hydrated form is evidently slow, for the solubility of the anhydrous salt 
in water is 0*02 in the cold, while that of the tetrahydrate at 25® (it is but 
little affected by temperature) is 2*50®®^; yet the hydrate being the stable 
form must be less soluble than the anhydrous salt. Anhydrous nickel 
chloride, manganous fluoride MnFg, and cadmium fluoride show a similar 
reluctance to hydrate.®®^ 

Nickel fluoride NiFj is a very stable substance; it is scarcely attacked 
by concentrated hydrochloric, nitric, or sulphuric acid even on boiling. 
It reacts on heating with electropositive metals like sodium, but not with 
electronegative elements like chlorine, bromine, iodine, sulphur, phos¬ 
phorus, or arsenic.®®® 

G. R, Levi and A. Baroni, Z. KriaU 1936, 92, 210. 

L. Bruner and J. Zawadski, Z. anorg, Chem. 1910, 67, 464. 

A. Westgren, ib. 1938, 239, 82. 

W. Klemm and N. Fratini, ib. 1943, 251, 222. 

O. Ruff and E. Ascher, ib. 1929, 183, 193. 

A. Kurtenacker and W. Finger, ib. 1933, 211, 83. 
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Nickel Chloride^ NiClg 

This can be made in the anhydrous state by burning nickel in chlorine 
or by heating the hydrated or the ammoniated salt. It forms yeUow crystals 
which are isomorphous with the dichlorides of Mg, Mn, Co, Fe, Cd, In, Ru, 
Rh, Pd, Ir, and Pt: it has a cadmium chloride lattice.®®^ For its paramag¬ 
netism see references It sublimes under 1 atm. pressure at 993°, and 
melts in a sealed tube at 1,001°.®®® The sublimed anhydrous salt, like the 
fluoride, dissolves in water extraordinarily slowly. 

Nickel chloride forms several hydrates, all of thetn green, and the lowest 
yellow-green; according to recent work®®®"’ the monohydrate is doubtful, 
but the compositions and transition points of the others are: 

7 -> 6-> 4 —^ 2 —> ? 

-33*3° -|-28-8° 64° ? 

SoF 67-8/26°. 

Nickel chloride is much less soluble in organic solvents than cobaltous 
chloride CoClg. 

Nickel chloride acts like cuprous chloride in catalysing the oxidation 
of hydrogen chloride by air to chlorine (Deacon process). 

Nickel Bromide, NiBrg 

This is very like the chloride. The anhydrous salt can be made by the 
action of bromine on metallic nickel at a red heat, or in ethereal solution 
in the cold, or on a solution of nickel carbonyl in carbon tetrachloride, or 
by the dehydration of the hydrate. It forms yellow crystals with a 
cadmium chloride lattice. It can be subhmed at a rather high temperature 
(in quartz or porcelain vessels, but scarcely in glass). 

It forms a series of hydrates: an ennea-hydrate (9 H 2 O) going below 
—2-5° into a hexahydrate, which changes at +28-5° into the trihydrate®®®; 
soF 33/25°. 

It also dissolves (0*36 per cent, at 26°) in methyl alcohol, in ethyl 
alcohol, acetone (0-0081 per cent, at 20°) and quinoline. 

Nickel Iodide, Nilg 

This again is similar. It can be made from the elements, or by solution 
of the hydroxide in hydriodic acid. The anhydrous salt is black, and looks 
like elementary iodine; it has a cadmium chloride lattice.®®® The only 
known hydrate is Nilj, 6 HjO, soF 144/25°. 

L. Pauling, Proc, Nat, Acad, 1929, 15, 709. 

®®® P. Laurent, J, Phys, Radium^ 1938, [vii] 9, 331. 

®®® H. R. Nettleton and S. Sugden, Proc. Roy, Soc, 1939, 173, 313. 

ees Fischer and R. Gewehr, Z. anorg, Chem, 1936, 222, 303. 

®®® H. Benrath, ib. 1932, 205, 417. 

®®’ E. Boye, ib. 1933, 216, 29. 

•®® Abegg, p. 613, 


•®® J. A, A. Ketelaar, Z, Kriat, 1934, 88, 20. 
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Nickel Cyanide^ Ni(CN )2 

The anhydrous salt can be made*^^^ from the hydrate; it is brownish- 
yellow, almost insoluble in water (see below) and quite in methyl acetate, 
but it dissolves in alkaline cyanide solutions to give complex cyanides 
(p. 1438). The addition of hydrocyanic acid or potassium cyanide to nickel 
acetate solution precipitates an amorphous green hydrated cyanide of 
variable water content®^-^; the one certain hydrate is Ni(CN) 2 , 4 HgO, 
which forms bluish plates.®^^ The solubility of nickel cyanide in water 
(from E.M.F. measurements) is 0*059/18° (5*35x10”^ moles per litre: 
solubility product 1*53 x lO^^®).®"^^ 

Nickel cyanide forms an ammine of the composition Ni(CN) 2 ,NH 3 ,H 20 
(the water is easily removed), which has the remarkable property of form¬ 
ing solid compounds with benzene and some other organic substances.®’^”^ 
If the aqueous solution is shaken with benzene bluish-white crystals 
separate, of the composition Ni(CN) 2 ,NH 3 ,C 6 H 6 . This compound is 
remarkably stable; it can be kept in vacuo over sulphuric acid for weeks 
without change, and treatment with alcohol or ether only removes the 
benzene very slowly; it is, however, expelled by boiling with water, by 
alkaline or acid solutions, and by potassium cyanide. This power of a solu¬ 
tion of nickel cyanide in dilute ammonia to absorb benzene has been made the 
basis of a method for the quantitative estimation of benzene in coal gas.®^®“® 

Very similar compounds are formed with pyrrol, thiophene, furfurane, 
and other organic compounds.®^® 

Nickel Thiocyanate, Ni(CNS )2 

This can be made in a hydrated form by dissolving nickel carbonate in 
thiocyanic acid, or by the action of barium thiocyanate on nickel sulphate. 
The anhydrous salt (made from the hydrate at 150°) is a chocolate amor¬ 
phous powder. It is soluble in water (soF 55*0/25°), from which it separates®®® 
below 15° as a tetrahydrate (large green crystals), and above 25° as a 
yellow hemihydrate Ni(CNS) 2 , 0*5 H 2 O. 

A number of double nickel thiocyanates have been made from their 
components, and can be recrystaUized from water or sometimes alcohol; 
examples®®^ are Na 2 [Ni(CNS) 4 ], 8 H 2 O, pale green; K 4 [Ni(CNS)e], 4 H 2 O, 
blue; (NH 4 ) 4 [Ni(CNS)g], 6 and 4 H 2 O. They are not true complexes.®®®"^ 
Various double salts of organic bases are also known. 

W. Biltz, W. Eschweiler, and A. Bodensiek, Z. anorg. Chem. '1928, 170, 163. 

E. Hertel, E. Kissel, and F. Riedel, ib. 1929, 178, 202. 

•72 K. A. Hofmann and F. Hochtlen, Ber. 1903, 36, 1149. 

K. Masaki, Bull. Chem. Soc. Japan, 1931, 6, 143. 

K. A. Hofmann and F. Kiispert, Z. anorg. Chem. 1897, 15, 204. 

K. A. Hofmami and H. Arnoldi, Ber. 1906, 39, 339. 

L. M. Dennis and E. S. McCarthy, J.A.C.S. 1908, 30, 233. 

E. S. McCarthy, J. Qaahel. 1912, 56, 891. 

E. Stock, Farben Ztg. 1930, 35, 897. 

Abegg, p. 680. A. de Sweemer, Natuurw. Tijdschr. 1932, 14, 231. 

A. Rosenheim and R. Cohn, Z. anorg. Chenn. 1901, 27, 280; Ber. 1901, 33, 1111. 
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Salts 

Nickel Carbonate^ NiCOg 

If sodium carbonate is added to a nickel chloride solution, the basic salt 
is always produced, except in an atmosphere of carbon dioxide under 
pressure.®^- Even then the precipitate is a solid solution of nickel 
chloride in nickel carbonate, which may contain as much as per cent, 
of the chloride. 

The purest carbonate that has been obtained is a pale green substance 
insoluble in water, but more soluble in carbon dioxide solution, i.e. as the 
acid carbonate NiH 2 [C 03]2 ; from this solution crystals of NiCOg, GHgO 
separate on exposure to the air.®®^ 

Nickel Formate, Ni(0 • CHO) 2,2 HgO 

This salt begins®®® to decompose below 200 ° mainly to carbon dioxide, 
hydrogen, and metallic nickel. It is less soluble in water than the corre¬ 
sponding cobaltous salt, and is insoluble in concentrated formic acid. 

Nickel Acetate, Ni(0 • CO • 0113)2 

The anhydrous salt is a pale yellow powder®®®""^; the tetrahydrate forms 
apple-green monoclinic prisms, isomorphous with the cobaltous salt; 
sol^ in water 17*0/16°, in glacial acetic acid 10/25°, in alcohol 0 . The aqueous 
solution precipitates nickel hydroxide on boiling. 

Nickel Oxalate, NiC /204 

Metallic nickel does not dissolve in oxalic acid solution, but the hydroxide 
does, and from this solution, or from the solution of a nickel salt treated 
with an alkaline oxalate, nickel oxalate separates in greenish-w hite flocks, 
which dry at 100° to NiC 204 , 2 H 2 O; it loses its water at 150°. 

If it is heated in vacuo nickel oxalate begins to decompose below 320° 
into nickel and carbon dioxide, a reaction sometimes used to prepare 
finely divided nickel for conversion into the carbonyl, or for catalytic 
purposes. 

Nickel oxalate is even less soluble in water than the cobaltous salt; 
soF 0*3 mg./18° (0*04x10 ® equivalent normal®®®: the soF of cobaltous 
oxalate is 2*1 mg./18°). The electrical conductivity of the saturated solu¬ 
tion at 18° indicates only 39 per cent, ionization, and x>oints to complex 
formation, perhaps of the salt Ni[NiOx 2 ].®®®"®® 

The oxalate is soluble in strong acids (with decomposition), and in 
ammonia through the formation of an ammine. 

A. Ferrari and 0. Colla, Atti R, 1929, [6] 10, 594. 

J. Krustinsons, Z. anorg. Chem. 1933, 212, 45. 

E. Muller and A. Labor, ib. 1930, 187, 209; 190, 427. 

J. Kendall and H. Adler, J.A,C,S. 1921, 43, 1470. 

•«« F. Ephraim, Ber. 1913, 46, 3103. 

H. Bassett and W. L. Bedwoll, J.C,S. 1933, 877. 

R. Scholder, E. Gadenne, and H. Niemann, Ber, 1927, 60, 1510. 

R. Scholder, ib. 1525. 

R. W. Money and C. W. Davies, Trans. Far. Soc. 1932, 28, 609. 
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Nickel NitraiCy Ni(N 03)2 

Nickel nitrate can be obtained in the anhydrous state (which is by no 
means always possible with the nitrates of polyvalent metals), but only 
by heating the hydrate with a mixture of 100 per cent, nitric acid and 
nitrogen pentoxide.®^^ It forms a pale yellow powder, which decomposes 
at 105*^ and is very hygroscopic.® 

Nickel nitrate forms a series of hydrates, of which the transition points 
are®®®: 

9 —^ 6 — 4 -^ 2 —> ? 

-3° 54° 85‘4° 

The hexahydrate, which is emerald green, and isomorphous with the 
cobaltous salt, has the high soF of 94*2/25°. 

Double Nitrates of Nickel 

It is practically certain that these double salts are not really complex, 
or at least do not contain the nickel in a complex anion; the other metal is 
always trivalent or tetravalent, so that if any complex nitrate is formed, 
which is doubtful, it is not the nickel that has formed it. 

The two most important series of double nitrates containing nickel are 
(1) with trivalent metals, of the type MgMg (N 03 )i 2 , 24 HgO, in which 
the nickel can be replaced by Mg, Mn", Co'" and Zn, and M'" can be Bi, 
Ce, La, Nd, Pr, Sm, and Gd. The nickel salts of this series are pale green. 

(2) There are two double nitrates with tetravalent metals, of the type 
NiM''"(N 03 )e, 8 H 20 , where M"" - Th and Ce"". These salts are olive- 
green, and form mixed crystals.®®^ ® 

Nickel nitrite Ni(N02)2®®® probably does not exist®®^ a basic salt 
(? Ni20(N02)2) can be made. The complex double nitrites are discussed 
on p. 1446. 

Nickel Sulphate, NiS 04 

The anhydrous salt is greenish-yellow; it appears to be quite insoluble 
in cold water, and it is only very slowly hydrated by it; this behaviour is 
common with anhydrous nickel salts (for example NiFg, NiClg, and (see 
below) Ni(I 03 ) 2 ), and it is also not imcommon with anhydrous sulphates. 
The solubilities of anhydrous nickel sulphate in methyl and ethyl alcohols, 
with which it does not form alcoholates, are 0*061 and 0*017 per cent, 
respectively at 15°.®®® 

With water it forms a series of hydrates whose transition points are 

A. Guntz and F. Martin, BulL Soc, 1909, [4] 5, 1004. 

A. Seyewetz and Brissand, C.i?. 1930, 190, 1131. 

•®* A. Sieverts and L. Schreiner, Z. anorg, Chem, 1934, 219, 105. 

«®4 R. J. Meyer and R. Jacoby, ib. 1901,27, 359; Ber, 1900, 33, 2135. 

•®® V. Cuttica and A. Tocchi, Gaz, 1924, 54, 628. 

«®« C. Duval, C.R. 1926, 182, 1156. 

L. Le Boucher, Anal, Soc. Espan. Fis, Quint. 1929, 27, 145, 358. 

J. J. Errera. ib. 1930, 28, 358. 

*®® G, C. Gibson, J. O’L. Driscoll, and W. J. Jones,1929, 1440. 
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difficult to determine because the solutions supersaturate with greatest 
ease; the most probable are^®^^: 

7 -6 a -> 6 jS-> 5 ? 4 ? 3 ? 2 ? 1 Kfi. 

31-5® 53-3° ca. IIO^ 

It is possible that the only stable hydrates are the hepta-, the two 
hexahydrates, and the monohydrate, and that the rest, with 5, 4, 3, and 
2 HgO, all of which certainly exist, are metastable. For the optical 
activity of the solid hexahydrate see reference and for the magnetic 
properties reference 

The heptahydrate is a vitriol, and forms unbroken series of mixed 
crystals with the corresponding salts of Mg, Mn, Fe, Co, and Zn; soF 
40*5/25*^. The two hexahydrates are quite definite, and are enantiotropic: 
the ot- is bluish-green and tetragonal; the jS- is green and monochnic. The 
) 8 -form is isomorphous with the magnesium salt. 

Like the other vitriols, nickel sulphate forms double sulphates of the 
series M 2 M"(S 04 ) 2 , 6 H 2 O (schonite series: ‘Tutton's salts’), in which 
M' = K, Rb, Cs, NH 4 , Tl' (not Na): M" = Mg, Fe, Co, Ni, Cu, Zn, Cd, etc.; 
these salts are all isomorphous, and give unbroken series of mixed crystals 
with one another. The ammonium salt is used for electroplating. The 
only double salt formed by sodium is Na 2 Ni(S 04 ) 2 , 4 H 2 O. The corre¬ 
sponding potassium salt is known both anhydrous and with 6 HgO; 
soF 6*79/25°.706 

Nickel Sulphite^ Ni(S 03 ) 

The hexa- and tetrahydrates form greenish crystals which are practically 
insoluble in water, but dissolve in sulphur dioxide solution. 7 06 A few dark 
green insoluble double sulphites are known. ’07-8 

Nickel Chlorite j Ni( 0102 ) 2 ? 2 HgO 

This salt7o® explodes violently even at 100 °. It is very soluble in water, 
and the solution rapidly decomposes on warming, precipitating Ni(OH )2 
and evolving oxides of chlorine. 

Nickel Chlorate^ Ni( 0103)2 

This forms a hexa- and a tetrahydrate, with a transition point at 39°. 
The hexahydrate consists of dark green rhombic crystals, soF 131/18°. The 

’0® B. D. Steele and F. M. G. Johnson, ib. 1904, 85, 113. 

A. Chretien and R. Rohmer, C,R, 1934, 198, 92. 

A. Simon and H. Knauer, Z. anorg, Chem, 1939, 242, 375. 

N. Underwood, F. G. Slack, and E. B. Nelson, Phya, R&v, 1938, ii. 54, 366. 

704 Slack, R. T. Lageman, and N. Underwood, ib. 368. 

Lattey, Diss., Braunschweig, 1923. 

H. A. Klasens, W. G, Perdok, and P. Terpstra, Z. KriaL 1936, 94, 1. 

F. L. Hahn and H. A. Meier, Z. anorg. Chem, 1926, 150, 126. 

G. Canneri, Oaz, 1923, 53, i. 182. 

G. R. Levi, Atti R. 1923, [6] 32, i. 166. 
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hydrates begin to evolve chlorine and oxygen at 140°, but if they are quite 
dry, or in presence of alkali, they are much more stable.’^® 

Nickel Bromate, Ni(Br 03 ) 2 , 6 HgO 

This forms green octahedra, isomorphous with the corresponding bro> 
mates of magnesium, cobalt, and zinc, soF 28/ord. temp. They lose nearly 
all their water at 130°, but above this temperature begin to decompose. 

Nickel lodatCy Ni( 103)2 

This salt, soB only 0*55/18°, is peculiar in many ways, and may have 
a complex structure. The anhydrous salt occurs in two forms, and so does 
the dihydrate; there is also a tetrahydrate, which is probably metastable. 
The solid phases supersaturate easily, and only come to equiUbrium 
slowly; thus the anhydrous salt showed no sign of hydration after being 
3 months in contact with water. 

Nickel Perchlorate^ Ni( 0104)2 

This salt occurs in the anhydrous form, and hydrates with 9, 7, 5, 4, and 
2 HgO are described. Goldblum''^^ found only an enneahydrate going over 
into a pentahydrate somewhere between 0° and —23°; the cryohydric 
point is -49°; sol^ 104/18°.7i3 

DIVALENT NICKEL COMPLEXES 

The tendency of divalent nickel to form complexes, taking the average 
for all kinds of addenda,is much the same as that of the neighbouring 
elements iron, cobalt, copper, etc., when in the divalent state, and so is 
not very strong, nothing like so strong as that of trivalent cobalt. The 
maximum covalency of (5 is not very often reached, and lower values, 
especially 4 and sometimes 3, are more common. The chief co-ordination 
numbers are: in the cyanides 4, in the ammines 4 and 6, in the nitro¬ 
compounds 6, and in the fluorides and chlorides 4 and 3. 

Complex Nickel Cyanides 

These are perhaps the stablest of the nickel complexes; they are all of 
the same type M 2 [Ni(CN) 4 ] (in sharp contrast to the very widespread 
[A(CN)6] type), and the 4 CN groups lie in the same plane with the nickel, 
at the corners of a square of which it is the centre. 

They are made by dissolving nickel cyanide in an alkaline cyanide 
solution, or by adding excess of an alkaline cyanide to a solution of a 

’10 J. Amiel, C.R. 1934, 198, 1033. 

’ll A. Meusser, Ber, 1901, 24, 32. 

’la H. Goldblum and F. Terlikowski, Bull, Soc. 1912, [4] 11, 103, 146. 

’13 R. Salvadori, Gaz. 1912, 42, i. 468. 

’1* For the ammines see H. M. Dawson and J. McCrae, J.C.8. 1900, 77, 1239; 
H. M. Dawson, ib. 1906, 89, 1666; H. J. S. King, A. W. Cruse, and F. G. Angoll, 
ib. 1932, 2928. 
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nickel salt. The stability of the complex (in contrast to the weakness of 
most nickel complexes) and the fact that it contains 4 CN groups are shown 
in many ways. When potassium cyanide solution is added to nickel 
cyanide the evolution of heat is considerable, and it continues until 
2 KCN have been added for every Ni; this conclusion is supported by 
electrometric titration, and by the electrical conductivity. The solution 
gives none of the reactions for nickel, not even with an alkaline sulphide, 
though the solubility product of nickel monosulphide NiS is only 6-2 x lO^^^ 
at 20 °’^^®; the complex is not affected by acetic acid, though it is broken 
up by strong mineral acids. The solid salts and the solution are diamag¬ 
netic, which is a theoretically necessary result (Pauling) of the plane 
structure of the anion. The association constant of the complex 

[Ni(CN)rL 

[NP+]-[CN“]" 

has been found by E.M.F. measurements’^^® to be 5*6 x 10 ^® at 25° (this 
means that if the concentration of the complex is normal, that of the 
free divalent nickel ion Ni"^^ is 2*8 X 10“^ normal). 

The solid nickelicyanides always form hydrates, and are mostly yellow 
or reddish-yellow. Their aqueous solutions have the same colour, but the 
addition of excess of potassium cyanide (at any rate with the potassium 
salt) turns it a deep red, possibly through the formation of an [Ni(CN)6]^ ~ 
ion, though there is no other evidence for this. 

Among the individual nickelicyanides we have Na 2 [Ni(CN) 4 ], 3 H 2 O; 
K, anhydrous (pale yellow) and 1 H 2 O (large orange prisms), soF 69‘5/25°. 
The ammonium salt readily loses ammonium cyanide. The barium salt 
BalNi(CN) 4 ], 4 H 2 O is isomorphous with the corresponding pallado- and 
platinocyanides,'^^’^ which have also been shown to have a plane structure 
of the anion. 

Nickel Ammines 

Divalent nickel produces numerous ammines with ammonia and many 
organic amines and diamines. 

The fifty-four ammines (i.e. ammonia compounds) of simple divalent 
nickel salts given iri Abegg'^^® are distributed as follows; 

1 NH 3 2 NH 3 3 NH 3 4 NH 3 5 NHg 6 NH 3 
3 10 2 9 4 26 

The nickel ammines closely resemble those of divalent cobalt. In general 
the stability of a hexammine molecule [M(NH 3 )e](hal )2 (as measured by the 
dissociation tension of ammonia) is greater with nickel than with any other 
divalent metal. The stability of the ammines to water (the strength of the 

L. Moser and M. Behr, Z. anorg, Chem. 1924, 134, 49; 1. M. Kolthofi*, Phys. 
Ghem. 1931, 35, 2720. 

K. Masaki, Bull, Gliem, Soc, Japan, 1931, 6, 233. 

H. Brasseur, A. de Rassenfosse, and J. Pierard, Z, Krist. 1934, A 88, 210. 

’IS R. G. Dickinson, J,A,G,S, 1922, 44 , 774, 2404. 

H. Brasseur and A. de Rassenfosse, Bull. Soc. franc. Min. 1938, 61, 129. 

’20 pp. 669-96 (1936). 
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Ni—N as compared with the Ni—O link) is also considerable, and several 
tetrammines and even some hexammines can be recrystallized from dilute 
aqueous ammonia. 

The question whether this stability is greater with nickel or with divalent 
copper is not easy to answer; it has been found by King ,’^21 measured 
the degree of dissociation of the complex ion in water by the freezing-point 
method, that Ni(NH 3 )^^ is more stable than Cu(NH 3 )g ■^, although with 
the hexapyridine ions the difference is in the opposite direction. But the 
tetrammine seems to be the stable form with copper, and the hexammine 
with nickel, which makes a direct comparison difficult. The strength of 
the ammine varies of course with the nature of the co-ordinated groups: 
the simple ammines (NH3 compounds) of nickel, though they can be 
recrystallized from aqueous ammonia, are decomposed by water, but the 
en compounds are not. Measurements of the paramagnetism in 0*1 to 0*4 
normal solution indicate that the order of increasing stability is for 
nickel, p 3 rridine < NH 3 < en < phenanthroline; for copper it is prac¬ 
tically the same. 

The resemblance between the ammines and the hydrates is obvious, and 
has been emphasized by Pfeiffer, ^23 who, by the use of naphthalene-a- 
sulphonic acid (HA) prepared the whole series of salts: 

[Ni ew 3 ]A 2 reddish-violet 

[Ni e 7 i 2 (OH 2 ) 2 ]A 2 pale blue-violet 

[Ni 671 ( 0112 ) 4 ]A 2 pale blue 

[Ni(OH 2 )e]A 2 pale green 

As we have seen, the hexammines are the most frequent of these com¬ 
pounds, and after them the tetrammines and the diammines. Some 
nickel salts, especially those with large anions,can take up more than 
6 molecules of ammonia, even as much as 16 or 18: a salt has been prepared 
which has the composition Ni[Pt(SCN) 6 ], 18 although in a vacuum 

it loses 8 of these 18. Whether these extra ammonia molecules are attached 
as double or triple NH 3 molecules, or fill up interstices in the crystal lat¬ 
tice like the water in a hetero-poly-salt (VI. 1042), cannot be decided with¬ 
out X-ray analysis. 

Wyckoff ’28 showed that the salts [Ni(NH 8 )e]Cl 2 and [Ni(NH 3 )«](N 03)2 
have lattices just like that of potassium platinichloride. 

Anhydrous nickel salts take up ammonia very slowly, as do also cobal- 
tous salts; the presence of a little water makes the reaction go more 
quickly, presumably by breaking up the lattice. 

’*1 H. J. S. King, A. W. Cruse, and F. G, Angoll, J.C,S, 1932, 2928. 

C. D. Russell, G. R. Cooper, and W. C. Vosburgh, J.A.C,S. 1943, 65, 1301. 

7*3 Pfeiffer, T. Fleitmann, and T. Inoue, Z. anorg, Chem, 1930, 192, 346. 

F. Ephraim and E. Rosenberg, Ber, 1918, 51 , 644. 

F. Ephraim, F. Moser, and P. Mosimann, ib. 1920, 53, 548. 

G. L. Clark and H. K. Buckner, J.A.C.S, 1922, 44 , 230. 

W. Peters, Z. anorg, Ch^m, 1912, 77, 137. 

R. AV. G. Wyckoff, J.A,€.S, 1922, 44 , 1239, 1260, 
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The stability of the solid hexammines depends greatly on the anion; 
with twelve hexammines, all [Ni(NH 3 )e]A 2 , but with diiBFerent anions, the 
temperature at which the dissociation tension of the ammonia is 1 atm. 
ranges from 36° for the formate and 84*5° for the thiocyanate to 245° for 
the perchlorate. 

As regards the influence of the amine, it is found"^®® that among the alkyl- 
amines (apart from the diamines) as the number and size of the alkyl 
groups increase, the number and stability of the amine groups in the 
complex diminish. 

The chelate ammines formed by ethylene diamine (‘en’) and other 
diamines, such as a, a'-dipyridyl (‘dipy’) and o-phenanthroline (‘phth’), 
are more stable than the open-chain complexes; the en complexes are not 
decomposed by water, and the attraction of the nickel ion for en is so strong 
that it will take it away from zinc or cadmium salts.The cations are 
usually trichelate, sometimes di-, and only rarely monochelate. The 
trichelate compounds have been resolved into their optical antimers in 
the case of the dipyridyl derivatives [Ni(dipy) 3 ]X 2 by Morgan and 
Burstall’^^; in water the active salt racemizes spontaneously with a half- 
life period of about 15 minutes at 17°; the solid salt is more stable and can 
be kept for days. This slowness of racemization is evidence of the stability 
of the complex cation, and is supported by freezing-point and conductivity 
measurements that have been made on many of these chelate salts. The 
trichelate ethylene diamine compounds could not be resolved, perhaps 
because the trien complex is rather less stable, and so racemizes too quickly 
to be resolved. 

Further evidence of this stability of tvien complexes is given by the fact 
that they are not attacked at all by potassium cyanide, which converts 
the simple nickel cations quantitatively into K 2 [Ni(CN) 4 ]. The dien com¬ 
plexes do react with KCN, but only so far as to rearrange themselves into 
the trien compound and the nickelicyanide'^^^: 

3 [Ni e^^2(OH2)2]" -^ 2 [Ni en,]" + [NiCCN)^]-'. 

There are other signs that the stability of a chelate group is greater when 
the nickel has three of them: thus [Ni engBrg]® changes to 

[Ni engJBra-f 

in the same way the bis-dipyridyl salt disproportionates into a mixture of 
the tris and the simple nickel salt’^®; the corresponding bis-phenanthroline 
salt does not, however, do this. 

F. Ephraim, Ber, 1913, 46, 3103. 

780 Y, Ephraim and R. Linn, ib. 1913, 46, 3742. 

’*1 A. A. Gninberg, Z. anorg, Chem, 1926, 157, 201. 

G. T. Morgan and F. H. Burstall, J,G.S. 1931, 2213. 

783 R. Bucknall and W. Wordlaw, ib. 1928, 2739. 

A. Werner, J. Pastor, W. Spruck, and W. Megerle, Z, anorg, Chem. 1899, 21, 

201 . 

786 \Y. Hieber and E. Levy, Z. Elektrochem. 1933, 39, 26. 

736 p Pfeiffer and F. Tappermann, Z. anorg. Chem. 1933, 215, 273. 
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Various other diamines, besides ethylene diamine, have been used for 
making these chelate ammines; the methyl derivative a, j8-propylene 
diamine CH 3 CH(NH 2 ) CH 2 NH 2 (pn) gives complexes very similar to 
those of but differing very markedly in solubility: thus while 

[Ni c 7 i 3 ]S 04 is only slightly soluble in water, [Ni pn 3 ]S 04 is so soluble that 
it is difficult to get it to crystallize out. (This result of introducing an 
unsymmetrical methyl group may be compared with its effect in changing 
the melting-point of benzene +6° to that of toluene, — 95°.) 

The dipyridjd and o-phenanthroline derivatives 736 -7 have 

seen, very stable. The trien salts are nearly always anhydrous, while the 
[Ni(dipy) 3 ]X 2 and [Ni(phth) 3 ]X 2 salts always have water of crystallization, 
often 6 molecules. This may be the result of the large size of the cation. 
For further ammine derivatives see references The simple monoximes 
are also to some extent capable of co-ordination, though much less than the 
amines (probably because the unshared electrons on the nitrogen are partly 
occupied in back-co-ordination to the oxygen). The aldoxime compounds 
are all of the type [Ni(RCH:NOH) 4 ](hal) 2 ’^°; they are decomposed by 
water or ammonia. Ketoximes also seem to combine, but no definite 
compounds could be isolated. 

Among the stablest and best known of the N,N-chelate complexes of 
nickel are those derived from the dioxime of an oc-diketon€y the mother 
substance being glyoxiine 

HC-CH 

NOH NOh’ 

the nickel derivatives have the general stnioture 

K__(^ -C—R 



in which it is obvious that the passage of the hydrogen from the OH to 
the -^0 involves only a tautomeric change of the easiest kind. The 
best known of these compounds is the dimethyl glyoxime derivative 
(R == CH3).^^2 It can be made from dimethyl glyoxime and nickel acetate 
in alcoholic solution. It forms scarlet or dark red crystals, which on 
heating do not melt, but sublime above 250"^, especially in vacuo \ it is 
practically insoluble in water (soF about 0*02 mg, cold and 0*12 mg. hot); 
it is only slightly soluble in organic solvents. It is not affected by acetic 


F. M. Jaeger and J. A. Dijk, Proc, K. Akad. Amst. 1935, 38, 972. 

H. Glaser and P. Pfeiffer, J. prakL Chem, 1939, ii. 153, 300. 

I. Lifschitz, J. G. Bos, and K. M. Dijkema, Z. anorg, Chem. 1939, 242, 97. 

W. Hiebcr and F. Leiitert, Per. 1927’ 60, 2296. Id., ib. 2310. 

L. A. Tschugaev, ib. 1905, 38, 2520; Z* anorg, Chem. 1905, 46, 144. 
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acid, ammonia, or hydrogen sulpliide, and only slowly by ammonium 
sulphide (this may be partly due to its insolubihty), but mineral acids 
decompose it back to the nickel salt and the glyoxime, and it is at once 
and completely converted by potassium cyanide into the glyoxime and the 
nickelicyanide. Tschugaev made a series of homologues, from methyl-ethyl, 
methyl-propyl, etc., glyoxime, which are similar in their general properties, 
but have accessible melting-points (Me—Et 280"", Me—Pr 144°), and are 
remarkably more soluble than the dimethyl compound, the methyl-ethyl 
derivative being about 50 times as soluble in alcohol or benzene as the 
dimethyl. 

In the quantitative estimation of nickel by means of this compound, 
the precipitation is carried out in presence of ammonia or sodium acetate 
(to neutralize the hberated acid); the precipitate is washed with water 
and dried to a constant weight at 110-120°. By suitable modifications of 
the process the precipitation of other metals can be avoided. 

Tschugaev originallysupposed that in these complexes the nickel is 
attached to the oxygens of the two oxime groups, giving an (improbable) 
7-ring; later he assumed a 6-ring with the N—Ni—0 group, and finally,’^® 
a 5-ring with the nickel linked on aU sides to nitrogen, as shown above. 
This was strongly supjjorted by Pfeiffer,from the behaviour of the 
monoxirae compounds, especially those of benzil. Of the two isomers the 
OL- forms a complex with nickel and with cobalt’^® but not the )S-, and it 
has been shown that the structures are 

OC- CO OC-CO 

II I II . 

HO—N O N OH O 

which agrees with the N—Ni—0 grouping and the 5-ring, but not the 
O—Ni—0 and the 6. The conclusion is further supported by all the 
evidence that nickel (and cobalt) co-ordinates with nitrogen more strongly 
than with oxygen. 

Compounds of this type have been of value in estabhshing two important 
theoretical points in the behaviour of nickel. It was shown by Pauling in 
1931,’^® that the apphcation of wave-mechanics indicates that while the 
normal arrangement of atoms round a 4-covalent central atom is tetra¬ 
hedral, with transitional elements, where one or more of the electrons used 
in the hnks may belong to the d-subgroup of the incomplete electron group 
of the atom, the four attached atoms may lie in a plane with the central 
atom, and where this happens, since the d-electrons are largely responsible 
for the magnetic moment, this will be altered, and in particular a 4-covalent 
nickelic atom of this kind wiU be diamagnetic. 

E. G. Cox, E. Shanutt, W. Wardlaw, and K. C. Webster, J,C‘S. 1936, 129. 

Abegg, pp. 442, 444. L. A. Tschugaev, Ber. 1907, 40, 3498. 

Id., J.CB, 1914, 105, 2187. 

P. Pfeiffer and J. Richarz, Ber, 1928, 61, 103. 

See L. A. Tschugaev, ib. 1908, 41, 1678. 

L. Pauling, J.A.C.S, 1931, 53, 1367. 
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To test these conclusions Sugden^®® investigated these nickel glyoxime 
derivatives. He showed that the benzyl-methyl-glyoxime compound 
having two rings of the structure 


0—CH»C- 


HO—N 
N- 


:Ni< 


-C-CH, 

II 




(where we may fairly assume that the interchange of — OH and — >0 is 
instantaneous) occurs in two different forms, a-, m. pt. 168®, m. pt. 76, 
which are interconvertible. This is only possible if the two rings lie in 
the same plane, where there are the alternatives of the phenyl in the upper 
ring being on the side of the phenyl in the lower, or on the side of the 
methyl—^in other words, of cis and trans isomerism. The planar structure 
of the complex (as anticipated by Pauling) was therefore established. It is 
curious that Tschugaev himself had shownthat the nickel compound of 
monoethyl glyoxime occurs in two interconvertible forms, but he attached 
no special importance to this. 

Finally, Sugden showed that these compounds were diamagnetic, thus 
confirming the second part of Pauling’s prediction. 

Later Cavell and Sugden’®^ found that the nickel compounds of methyl-7i- 
propyl and methyl-n-butyl glyoxime both occur in two interconvertible 
forms, and that these also are diamagnetic. They further showed from the 
dipole moment that the p-chlorophenyl n-butyl derivative is planar. For 
further work on compounds of this type see the references 743,753 4 
magnetic properties are discussed below (p. 1445). 

Nickel can also form addition compounds with the dioximes, analogous 
to its en cations, with rings of the structure 

R—C-C—R 

I I 


They have either one (Ni(DH 2 )X 2 ) or two (Ni(DH 2 ) 2 X 2 ) chelate rings, 
where X may be a halogen, or half of SO 4 , (C 00 ) 2 , etc. The monochelate 
compounds are pale green when anhydrous and dark green when hydrated; 
the second type are blue or dark green. They are not very stable— 
remarkably less so than the corresponding en compounds—being decom¬ 
posed by water, aniline, or alcohol to give the much more stable substitu¬ 
tion products Ni(DH) 2 .’*® 

Another compound containing the N—^Ni—^N group as part of a ring 
S. Sugden, J,G,8, 1932, 246. 

7*^ J, Rtiss. Phy9, Chem. Soc, 1910, 42, 1466. " 

H. J. Cavell and S. Sugden, J,C,S, 1936, 621. 

G. Ponzio and E. Biglietti, Oaz, 1933, 63, 169. 

A. Rosenheim and L. Gerb, Z. anorg, Chem. 1933, 210, 289. 

7®® Abegg, pp. 724r~6. 
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is the derivative of phthalocyanine. The molecule of this remarkable blue 
pigment has at the centre four nitrogen atoms symmetrically (or almost 
symmetrically) disposed in a plane, and carrying two hydrogen atoms. In 
the nickel derivative the two hydrogens are replaced by the nickel, which 
becomes attached to all 4 nitrogens in a way which may be written 


N\ /N 


A careful study of the crystal structure by Robertsonhas shovm that 
the whole molecule, including the nickel, is planar, and the compound was 
found to be diamagnetic. 

A series of chelate compounds is known in which the nickel is attached 
to nitrogen and oxygen ; they are less stable than the N,N-complexe8, as 
the co-ordination of nickel is weaker to oxygen than to nitrogen. They 
include the derivatives of a-diketones such as benzil O CO CO <I>, and 
even their hydrazones, such as 

4).C—C-0 

I 1 

0 N NH* 

Another example is the nickel derivative of salicylaldoxime 



/(O 

-or ^.0— 


W 


which has been shown’®^ to have a plane structure, and also to be dia¬ 
magnetic. 

A singular reaction for producing chelate compounds of this kind has 
been discovered by Pfeiffer and his co-workers.’®® They found that 
o-hydroxyaldehydes and ketones wiU condense in presence of nickel with 
en or o-phenylene diamine to give dichelate compounds in which the two 
chelate rings are also united to one another: thus with en and salicylalde- 
hyde is formed: 



The magnetic properties of some of these dichelate nickelic complexes 
are peculiar. We have seen that many are planar and diamagnetic, as 
Pauling’s theory suggests. Others, however, are found to be paramagnetic, 

J. M. Robertson, J.C,S. 1935, 615, 

E. G. Cox, F. W. Pinkard, W. Wardlaw, and K. C. Webster, ib. 459. 

T. W. J. Taylor, N. H. CaUow, and C. R. W. Francis, ib. 1939, 257. 

P. Pfeiffer, E. Breith, E. Liibbe, and T. Tsumaki, Ann. 1933, 503, 84. 
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to about the same extent as the ion. Quite small differences will 
determine a compound to belong to one class or the other; it is even 
stated that the nickel complex of salicylaldehyde methyl-imine 
C 6 H 4 ( 0 H)CH^N CH 2 occurs in two forms, one dia- and the other para¬ 
magnetic. It is a natural assumption commonly made*^®® that the para¬ 
magnetic compounds are tetrahedral, but in no case has this yet been 
estabhshed. See references ^eo-e 

Another N—Ni—0 ring is that produced by dicyano-diamidine, the 
so-called Grossmann reagent.’^®^ This gives with nickel a remarkable 
insoluble complex of the structure 


HaN~C^O\ 


N 


HgN—C--N< 


7 \ 


H 


O—C—NH. 

II 

N 

I 

N=C—NH. 


w^hich can be used for the quantitative estimation of nickel.’®® 


Complex Nickel Nitrites {Nitro-complexes) 

Our knowledge of this remarkable group of complexes is largely due to 
Ferrari and Colla.’®®“’® 

All these compounds, without exception, contain the group [Ni(N02)6]^~; 
they are all anhydrous, brownish-red, stable in air to temperatures above 
100 ^ and sometimes 140°, recrystallizable from water and insoluble in 
alcohol. There can be no doubt that they are true complex salts,and 


that they are nitro-comi)ounds, Ni—N 


\o' 


No isomeric nitrito-com- 


pounds Ni—0—^N=0 are known. 

They dissolve readily in water to give greenish solutions, which are 
decomposed by boiling or by treatment with hydroxyl ion or hydrogen 
sulphide, this last precipitating the nickel completely, so that the complex 
must be more dissociated than that of the nickehcyanides Ni(CN) 4 . They 
are formed both by monovalent (Li, Na, K, Tl') and by divalent (Sr, Ba, 


L. Malatesta, Gaz. 1938, 68, 319. 

D. P. Mellor and D. P. Craig, Proc, Roy. Soc. N.S. Wales, 1940, 74, 475. 

D. P. Mellor, ib. 1941, 75, 157, 

768 Klemm and K. H. Raddatz, Z. anorg. Chem. 1942, 250, 204. 

Id., ib. 207. 

H. S. French, M. Z. Magee, and E. Sheffield, J.A.C.S. 1942, 64, 1924. 

S. Sugden, J.C.S. 1943, 332. 

H. Grossmann and B. Schiick, Bet. 1906, 39, 3356. 

P. Finch, Z. anal. Chem. 1926, 69, 232. 

F, Ephraim, Helv. Chim. Acta, 1923, 6, 920. 

A. Ferrari and C. Colla, AUi R. 1930, [6] 11, 755. 

Id., ib. 1931, [6] 14 , 436. 

Id., ib. 511. A. Ferrari and R. Curti, Qaz. 1933, 63, 499. 

A. Ferrari and C. Colla, ib. 1936, 65, 168. Id., ib. 809. 
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Ato-complexes 

Cd, Hg, Pb) metals. The crystal structure of the strontium, barium, and 
lead salts has been shown to be the same, and to correspond to that of 
potassium platinichloride KgPtCle, that is, to have the 6 NO^ groups 
arranged round the nickel at the points of an octahedron. 

A peculiarity of these salts is the readiness with which mixed com¬ 
pounds are formed, of the type M 2 M"[Ni(N 02 ) 6 ], where M' == K, Rb, Cs, 
NH 4 , Ti', and M" = Mg, Ca, Sr, Ba, Zn, Cd, Hg, Pd: these are the so-called 
‘triple nitritesThey are yellow, red, or brown salts, ail anhyd¬ 
rous, which are isomorphous with one another, with the corresponding 
cupri- and cobaltonitrites, and with the simple cobaltinitrite K 3 [Co(N 02 ) 6 ]* 

Nickel-Oxygen Complexes 

The co-ordination of nickel to oxygen is weak. Apart from the hydrated 
Ni^^ ion there is little evidence of its occurrence except in chelate com¬ 
pounds, and even these are few and usually unstable. The ‘ ato ’ complexes, 
formed with the radicals of dibasic acids, are almost confined to the car¬ 
bonate- and oxalato-compounds. 

Carhonato-Gomplexes 

Precipitated nickel carbonate, although unlike cobalt carbonate it will 
not dissolve in sodium bicarbonate, dissolves in excess of potassium 
carbonate, and no doubt carbonato-complexes are present in the solution. 
Several of these double carbonates have been isolated. They are all of 
the di-ato type M 2 [Ni(C 03 ) 2 ], H 2 O. Examples are Na 2 [Ni(C 03 ) 2 ], 10 H 2 O, 
and K, 4 H 2 O; both of these salts are green. Their stability is small, and 
they are decomposed by water. 

Oxalato-Compounds 

Nickel oxalate dissolves somewhat in boiling potassium oxalate solution, 
and on cooling a pale-green slightly soluble salt K 2 [NiOx 2 ] 6 HgO (or per¬ 
haps 4 H 20 ’^’®) separates; when this is heated it loses water, giving first a 
di- and then a monohydrate, and finally at 200 ° becoming anhydrous: the 
green colour darkens as the water is lost. This seems to be the only certain 
double oxalate of nickel. 

By polarographic measurements on the solution Sartori^’^ estimated the 
value of the dissociation constant 

[NiOx2'1 

[NP+].[Ox“]2 

to be 5 X 10^*, almost identical with the value obtained (with the same form 
of constant) for the cyano-complex. 

Dithio-oxalato-Complexes 

When potassium dithio-oxalate KgCgOgSg acts on a solution of a nickel 
salt, an intense purple colour is produced which is stable on boiling, and 

S. R. Brinkley, J,A.C,S, 1939, 61, 966. 

’’’ G. Sartori, Qaz. 1934, 64, 3. 

Q q 


6114.2 
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a purple-black crystalline solid of the composition K 2 Ni(C 2 S 202)2 can be 
made to separate out.^’® The colour is so intense that it will detect one 
part of nickel in 40 million of water. Robinson and Jones’’® showed by 
freezing-point and conductivity measurements that the potassium salt is 
a strong ternary electrolyte. The nickel can be precipitated from the 
solution by alkaline hydroxides and sulphides, but only slowly, though 
potassium cyanide decomposes it at once. 

Cox and his colleagues’®® have shown that this compound and the 
palladium and platinum analogues all have plar(ar anions, the structure of 
which must be 



The nickel derivatives of oxy-acids like malic, tartaric, citric, and 
salicylic’®^ are either dl-defined, or show little signs of complexity. 

Complex Nickel Halides 

The tendency to complex halide formation falls off with nickel in the 
order Cl > Br > I, and presumably even more fluorides than chlorides 
would be known if an equal amount of attention had been paid to them. 
The sharp fall in the co-ordination number from 4 with fluorine to nearly 
always 3 with chlorine is to be noticed. 

Complex Fluorides 

Only a few of these have been prepared, if we exclude those of the heavy 
metals, where we are not sure which the co-ordination centre is. 

The known complex fluorides of divalent nickel are nearly all of the 
type M 2 NiF 4 . Only the potassium and ammonium salts seem to be known. 
K 2 NiF 4 forms green quadratic tables’®*; it dissolves easily in water, only 
slightly in methyl or ethyl alcohol. While there is no doubt that the 
anhydrous salt exists, an investigation of the system KF—^NiFg—HgO 
showed’®® that no definite double salts occurred as solid phases, but 
that there is a continuous series of solid solutions containing all three 
components. 

The behaviour of the system NH 4 F—^NiFg—HgO’®® shows that 
(NH 4 ) 2 NiF 4 , 2 HgO exists, and the corresponding anhydrous salt can be 
got by fusing its component salts together.’®^ 

”8 H. O. Jones and H. S. Tasker, J.G,S, 1909, 95, 1904. 

C. S. Robinson and H, O. Jones, ib. 1912, 101 , 62. 

E. G. Cox, F. W. Pinkard, W. Wardlaw, and K. C. Webster, ib. 1935, 459. 

^8^ F. E. Jones and C. R. Bury, J. phys. Chem, 1928, 32, 1272. 

’8* For the crystal structure see V. M. Goldschmidt, Oeochem. Vert, viii. 1927. 

A. Kurtenacker, W. Finger, and F. Hey, Z. anorg, Chem, 1933, 211, 281. 

’88 C. Poulenc, C,R, 1892, 114, 1426; ^nn. Chim, Phya. 1894, [7] 2, 5. 
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Complex Nickel Chlorides 

Unlike the fluorides these are almost all of the tricovalent type MNiCl^. 
No complex acid has been prepared, and nickel chloride, unlike cobaltous 
chloride, is much less soluble in water in presence of hydrochloric acid. 

With lithium LiNiClg, 2 and 3 HgO occur and probably also Li^NiCle, 
10 which is practically the only known complex halide of divalent 

nickel of the 6-covalent type. KNiClg, 5 HgO, CsNiCla, and perhaps 
CsgNiCl^ are known. NH 4 NiCl 3 has been made, but ammonium chloride 
forms a series of mixed crystals with nickel chloride, and this may merely 
be one of them. 

Double chlorides of organic bases (alkyl and arylamines, pjrridine, quino¬ 
line, etc.) are more frequent; nearly ail of these are of the type (BHlNiClg.^®® 

Complex Bromides 

Hydrobromic acid turns a nickel bromide solution greenish-yellow, but 
the only double salt isolated is CsNiBrg, yellow crystals stable in air, but 
decomposed by water or alcohol. Ammonium bromide forms mixed 
crystals with nickel bromide,’®^ as happens with the chlorides. 

Complex Iodides 

Nickel iodide forms a blood-red solution in concentrated hydriodic acid, 
but no salt can be isolated except a very complex compound of unknown 
constitution containing acetone.’®® 

COMPOUNDS OF TRIVALENT NICKEL 

There is a small number of nickel compounds in which the valency of 
the element is almost certainly 3, and possibly, but not probably, more. 
The only undoubted members of this group are the black hydrated oxides 
which are formed by the alkaline oxidation of divalent nickel, and are used 
as strong oxidizing agents, as catalysts, and in the construction of secondary 
cells. Much recent work seems to have proved that no anhydrous oxide of 
nickel with more oxygen than NiO exists; but higher oxides certainly 
occur in the hydrated state, although their constitution, and hence the 
valency of the nickel in them, is not yet fully determined. Attempts to 
prepare salts of trivalent nickel, such as a chloride or sulphate’®®*’®® have 
all failed. 

Higher Oxides and Oxide-Hydrates of Nickel 
It has been stated that by heating the oiide, carbonate, or nitrate of 
divalent nickel to high temperatures in air, higher oxides of nickel, 
especially the sesquioxide Ni 203 are obtained; and that if nickel salts are 
oxidized in neutral or alkaline solution, these oxides are produced in the 

H. Benrath, Z. anorg, Chem, 1932, 205, 417. Abegg, p. 608. 

G. F. Campbell, Z. anorg, Chem, 1896, 8, 126. 

L. Cambi, Cfaz, 1909, 39, i. 361. 

C. Schall and H. Markgraf. Trans, Amer, Ekctrochem, Soc, 1924, 45, 119. 

C. Sohall, Z. EleJUrochem, 1932, 38, 27. 
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hydrated form as black precipitates. Recent work, ^ however, has shown 
that the higher oxides do not exist in the anhydrous state. 

The most decisive results are those of Hiittig and Peters,^®® who showed 
that the behaviour of this oxide is very like that of the hydrated cobalt 
sesquioxide CogOg, HgO (see under cobalt, p. 1393). They obtained this 
sesquioxide (of the composition NigOg, 4*25 HgO) by oxidizing a (divalent) 
nickel salt in solution with alkali and bromine, filtering, and drying the 
black precipitate over sulphuric acid in the cold. When heated under 
10 mm. pressure it loses water down to NigOg, HgO at 138°, and at this 
tem])erature gives off oxygen and water until the monoxide NiO is left. 
This is exactly what CogOg, HoO does at 148-157°. A Debye X-ray 
diagram showed only the lines of NigOg, HgO, and NiO, and mixtures of 
the two sets for the partially decomposed material.Hence the 
substance cannot (as was suggested^®^^) contain a hydrated dioxide, or an 
intermediate oxide such as Ni 304 . 

The K edge of the X-ray absorption^®® of the nickel in these compounds 
showed the usual increase of the shift (the diS’erence of wave-length from 
that for the pure metal) with the rise of valency, the shifts for NiO, Ni(OH )2 
and NigOg, HgO being 0*81, MO, and 1*82 X.U. (1,000 X.U. = 1 A.U.). 

Finely divided hydroxide Ni(OH )2 will take up oxygen in the cold from 
sodium hypochlorite as a superficial layer, without affecting the crystal 
lattice; on heating the oxygen seems to go into the lattice.’®® 

Nickel Peroxide-Hydrate 

The highly oxidized black precipitates prepared in the ways already 
mentioned often contain more oxygen than corresponds to NigOg, and this 
has been ascribed to the presence of a dioxide NiOg. The compounds of 
course always contain water, no anhydrous oxide above NiO being known, 
and no oxide with an oxygen content as high as that of NiOg, H 20 .’®®~®®® 
Howell found’®^ that if the precipitate is heated under the mother liquor 
there is a fairly rapid loss of oxygen, until the ratio corresponding to 
NigOg is reached, after which the loss is very slow. Clark and his col¬ 
leagues®®^ could get no definite X-ray patterns from these highly oxidized 
products, and concluded that they were amorphous. 

These hydrated oxides of nickel, with an 0:Ni ratio equal to, or greater 
than, 3:2, which undoubtedly exist (they are the depolarizers in ‘ alkaline' 
accumulators such as the Edison), might all be formulated as peroxides 

G. Lunde, Z. anorg. Chem^ 1928, 169, 405. 

G. B. Taylor and H. W. Starkweather, J.A,C,S. 1930, 52, 2314. 

G. F, Hiittig and A. Peter, Z. anorg. Chern. 1930, 189, 190. 

O. K. Howell, J.C.S. 1923, 123, 669, 1772. 

I. Bellucci and E. Clavari, Atti R. 1906, 14, ii. 234. 

R. W. Cairns and E. Ott, J.A.C.S. 1933, 55, 634. 

’87 Id., Z. Elektrochem. 1934, 40, 286. 708 id., J,A.C.S. 1934, 56. 1094. 

799 M. C. Boswell and R. K. Her, ib. 1936, 58, 924. 

999 I. Bellucci and E. Clavari, AUi B. 1906, [v] 14, ii. 234: 1907, 16, i. 647. 

*91 G. L. Clark, W. G. Asbury, and R. M. Wiok, J.A.C.8. 1926, 47, 2661. 
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without assigning to the nickel any valency greater than 2, and as there 
are no other compounds of nickel which indicate for it a higher valency 
than 2, this conclusion is not impossible. It seems, however, more likely 
that the nickel has a valency of at least 3 in these oxides, and this for two 
reasons, the shift in the K edge in the X-ray abs()r})tion spectrum found 
by Cairns and Ott, and the very close resemblance found by Hiittig 
between the behaviour of the hydrated sesquioxides of nickel and cobalt, 
NigOg, H 2 O and CogOg, H 2 O. On the other hand, the existence of tetravalent 
nickel in the highest oxidation products is very doubtful. It is more likely 
that the excess of oxygen over that required for NigOg, so far as it is not 
merely an absorbed layer on the surface, is held in the form of x>croxide 
links. 

Nickel Carbonyl Compounds 

The chief of these is nickel tetracarbonyl, Ni(CO) 4 , the first of the metallic 
carbonyls to be discovered. It is made by passing carbon monoxide 
over finely divided metallic nickel at a temperature below 100^^. It is a 
colourless liquid melting at —25° and boiling at +43°. It is miscible with 
benzene, but almost insoluble in water (soP 0*018/10°). On heating it 
decomposes below 100° into carbon monoxide and nickel, and the benzene 
solution does the same on boiling, but in the cold the compound is not 
acted bn by dilute acids or alkalies. It is diamagnetic. It is highly poison¬ 
ous, four parts by volume in 10,000 of air being lethal to animals; the 
amount of carbon monoxide which it contains is quite insufficient to 
account for this, and the toxicity must be due to the nickel. The parachor 
is 259*9, at 8-20°, giving 19*9 as the atomic parachor of nickel. 

The decomposition of the vapour at 100-128° is^®^ mainly a homo¬ 
geneous reaction, with a heat of activation of 10*25 k.cals. Alone or in 
benzene solution the carbonyl reacts with the oxides of nitrogen, and the 
more readily the more oxygen they contain,giving among other more 
obscure products the curious compound Ni(NO)OH, H 2 O (see p. 1453). 

Ni(CO )4 obviously has the 4 CO groups acting as donors in the co¬ 
ordination to the nickel giving (mainly) the formula Ni(^C-llO) 4 ; hence 
the valency is, strictly speaking, zero. The E.A.N. is 36, that of krypton. 

The molecule has been shown by electron diffraction*^^® to be tetra¬ 
hedral, as we should expect since the nickel has a valency octet; the 
grouping Ni—C—O is linear. This is supported by the infra-red spec¬ 
trum.®®’® The conclusion drawn®®® from the Raman spectrum that the 
molecule is planar has been shown®^® to be incorrect. 

L. Mond, C. Langer, and F. Quincke, J.C.S. 1890, 57, 749. 

803 Laird and M. A. Smith, J.A.C.S. 1935, 57, 260. 

C. E. H. Bawn, Trans. Far. Soc. 1935, 31, 440. 

J. C. W. Fraser and W. E. Trout, J.A.C.S. 1936, 58, 2201. 

L. O. Brockway and P. C. Cross, J. Chem. J^hys. 1935, 3, 828. 

C. R. Bailey and R. R. Gordon, ib. 1938, 6, 225. 

B. L. Crawford and P. C. Cross, ib. 525. 

A. B. F. Duncan and J. W. Murray, ib. 1934, 2, 636. 

*1® E. Bright Wilson, ib. 1935, 3, 59. 
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Carbonyl Derivatives of Monovalent Nickel 

Divalent nickel compounds do not take up carbon monoxide, but the 
red solution of the monovalent K 2 Ni(CN )8 absorbs the gas (with loss of its 
red colour) extraordinarily quickly®^^~^^ (70 c.c. at 0° in less than 30 
seconds).®^* The colour changes from deep red to orange yellow. The 
resulting (like the original) solution has a strong reducing power (for 
example it will reduce ammoniacal silver solution to the metal) which it 
soon loses on exposure to the air. With sulphuric acid it gives a grey 
precipitate which with hydrogen peroxide assumes the greenish colour of 
nickel dicyanide Ni(CN)a. 

This easily oxidized carbon monoxide compound has not yet been 
isolated, but the carbon monoxide absorbed (at 0° or below) by a solution 
of known Ni' content, is the average 15*5 litres (70 per cent, of a g. mol.) 
per gram-atom of nickel ; since there is always some oxidation of the 
nickel by the water with the liberation of hydrogen, we may take it that 
this shows that the composition of the compound is K 2 Ni(CN) 3 CO. If it 
is monomeric the E.A.N. of the nickel is 36, so that we should expect it to 
be dimeric. 

The orange nickel monocyanide which is precipitated from the red 
solution on acidification is also able to take up carbon monoxide on 
vigorous shaking. The precipitate turns to a yellow colour, and finally to 
the green of the dicyanide Ni(CN) 2 : the gas above the liquid was found to 
contain nickel carbonyl. 

In the tetracarbonyl the valency of the nickel is zero; in the other 
carbonyl compounds (if they are monomeric) it is 1. 

Nitrosyl Compounds 

Nitric oxide, like carbon monoxide, is absorbed by monovalent but not 
by divalent nickel,®^® The solution of the potassium salt K 2 Ni(CN )3 
absorbs nitric oxide with a change of colour from red to deep wine-red, 
the product probably being of the composition K 2 [Ni(CN) 3 NO]. Further, 
when potassium thiosulphate acts on a solution of nickel (Ni'") acetate 
in aqueous alcohol in an atmosphere of nitric oxide, the gas is absorbed, 
the liquid turns deep blue, and a blue oil separates which solidifies to a 
bluish-green powder looking rather like chromium sesquioxide, which has 
the composition K 3 [Ni(S 203 ) 2 (N 0 )], 2 HgO.®^® This gives in water a blue 
solution which is slowly oxidized by air; it is decomposed by acids or 
alkalies at once, but by sodium carbonate solution only on boiling. 

A good deal of light has been thrown on these phenomena by the work 
of Anderson. Following up an observation of Reihlen’s®^® he showed 

A. Job and A. A. Samuel, C.R, 1923, 177, 188. 

W. Manchot and H. Gall, Ber, 1926, 59, 1060. 

«« W. Manchot, ib. 1926, 59, 2446. 

J. S. Anderson, Z, anorg, Chem. 1936, 229, 357. 

H. Reihlen, ib. 1937, 230, 223. (This is a criticism of the preceding paper.) 

H. Reihlen, A. Gruhl, G. v. Hessling, and O. Pfr6ngl, Ann, 1930, 482, 161. 
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that nitric oxide acts on a solution of Ni(CO )4 in benzene to give a blue 
powder of Ni(NO)OH, x HjO (x = 1-62); this is volatile in a high vacuum, 
but decomposes below 90°; it is very soluble in ethyl and methyl alcohol 
and water to give a blue solution with an alkaline reaction, which decom¬ 
poses slowly. 

This substance (whose molecular weight is of course unknown) is clearly 
a base, of which Manchot’s compounds K 2 Ni(CN) 3 NO and 

K 3 [Ni(S 203 ) 2 N 0 ], 2 HjO 
can be regarded as complex salts. 

The valency of the nickel in all these nitrosyl compounds, if they are 
monomeric, is zero. 



THE PLATINUM METALS 

AS already explained, there is a very sharp difference between the first 
/i triad of Group VIII and the others, due mainly to the facts that in the 
second and third triads simple ions practically do not occur, and that the 
higher valencies become increasingly important. The relation between 
the remaining two members of each of the vertical series VIII A, VIIIB, 
and VIIIC is apparent as soon as we pass the first triad; the second triad 
differs much less from the third than it does from the first. We shall 
therefore discuss the six platinum metals in the order ruthenium, osmium: 
rhodium, iridium: palladium, platinum. 

The abundance of these elements in the earth’s crust in parts per 
million (g./ton) is Ru, Os, Rh, Ir about 0-001; Pd 0-01; Pt 0-005. 

For the magnetic behaviour of compounds of the platinum metals see 
Mellor.®^^ 

D. P. Mellor, Proc. R.S. N. S. Wales, 1943, 77, 146. 
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RUTHENIUM AND OSMIUM 

T hese elements resemble one another in many respects, and especially 
in their power of assuming a large number of different valencies. Of 
these ruthenium has 9, all from zero (in the carbonyl) to the group valency 
of 8 in the tetroxide. Osmium does not go so far as this, but it can have 
valencies of 0, 2, 3, 4, 6, and 8. The properties of the two elements in each 
of these various valencies may be briefly compared; they show a close 
resemblance in many even quite small details, and the usual increase in 
stability of the higher valencies as we pass from ruthenium to osmium. 

Valency 0 

Ruthenium has one compound in which it has this valency, the carbonyl 
Ru(CO) 5 : the osmium analogue Ob(CO )5 has recently been discovered. 

Valency = 1 

With ruthenium there is some sign of this valency occurring in solution: 
with osmium there is none. [The absence of this lowest valency with 
osmium, while it occurs, or may occur, with the lighter ruthenium, is the 
usual effect of the rise of atomic number.] 

Valency = 2 

With ruthenium this is a valency of some importance. No simple com¬ 
pounds have been isolated, but ruthenium compounds, and quite probably 
the divalent ruthenium ion, must occur in the blue solution got by reducing 
trivalent ruthenium compounds. They are, however, far less stable than 
the ferrous ion and its compounds. 

The divalent ruthenium complexes are confined to a few types, but all 
these are fairly stable, and some are very stable, far more so than the 
weak complexes of ferrous iron; apart from a carbonyl compound 
Ru(CO) 2 Cl 2 , which is presumably 4-covalent, they are all 6-covalent, 
which is very unusual for the complexes of a divalent atom. 

With the ammines there is a sharp distinction between the chelate 
diamine derivatives, and the simple monamine compounds. The chelate 
compounds are all trichelate. The others all have a co-ordination number 
of 6, which, however, is never made up of 6 amine groups, but only of 
6 , 4, or 2 (not 3), at least one of the remaining places being filled up by a 
sulphite residue, (SOg)'", (SOgH)', or (SOg)®, as in the compound 

[Ru(NH3),(S03H)2]^ 

The anionic complexes are either cyanides, or nitrosyl compounds, or 
both. The pure cyanides are all of the ferrocyanide type M 4 [Ru(CN)e]; 
they are very stable, and as with the ferrocyanides the acid can be isolated. 
The nitrosyl compounds (discussed later, p. 1484) are peculiarly numerous 
with ruthenium: there are over eighty enumerated in Gmelin. They all 
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have only one nitrosyl group; properly interpreted they all contain 
divalent ruthenium. They include a fairly stable group of the type 
Ru(NO)(hal )3 (hal = Cl, Br, I); and many complexes. The ammines have 
1, 2, 3, or 4 but never 5 amine groups; the anions include such complexes 
as M 2 [Ru"(NO)Cl 5 ], M 2 [Ru"(NO)Ox 2 Cl], and the cyanides, which are all of 
the nitroprusside type M 2 [Ru''(NO)(CN) 5 ]. 

The divalent osmium compounds are rather fewer. The binary com¬ 
pound OsCl 2 can be isolated; it must be highly complex: it is a brown solid 
unafiFected by boiling with water. There is also a compound Os(CO) 3 Cl 2 , 
almost but not quite corresponding to Ru(CO) 2 Ci 2 ; the complexes are 
almost confined to the three t 3 rpes M 4 [Os(CN) 6 ], very stable: M 2 [Os 7 NO)X 5 ] 
the only nitrosyl compound formed by osmium (hal == Cl, Br, I): and 
M 4 [ 0 s(S 03 ) 3 ]. These complex sulphito-compounds, the one class of diva¬ 
lent osmium complexes to which ruthenium has no exact analogue, are 
especiaUy common with osmium, occurring in the valencies 2, 4, and 6. 

Valeiicy = 3 

With ruthenium this is the most important of the valencies. The 
‘simple’ compounds, such as the chloride RuClg and the cyanide Ru(CN) 3 , 
are no doubt really complex. The complex salts include ammines, nearly 
all with a co-ordination number of 6 , of the types 

[RuAmQ]X 3 , [RuAm 5 R]X 2 , [RuAm 4 R 2 ]X, and [RuAm 3 R 3 ]°; 

R is always a radical, and not HgO. The complex halides are formed by 
chlorine and bromine, not by fluorine or iodine. All t 3 rpes occur from 
M[RuX 4 ] to M 4 [RuX 7 ] (structure unknown); they are not very stable, and 
the bromides less so than the chlorides. There are also complex nitro- 
salts M 2 [Ru(N 02 ) 6 ], which are stable enough to be recrystallized from water. 

This state is less stable with osmium, and the compounds are very 
limited in number. There is one binary compound OsClg, subliming at 
350°, and changing at 560° to OSCI 2 +O 8 CI 4 . It dissolves in water but 
only ionizes slowly. There are two types of complexes, the halides 
M 3 [OsCl 6 ] and M 3 [OsBre], which decompose easily, and the nitro-com- 
pounds M 2 [ 0 s(N 02 ) 5 ], of the same odd type as with ruthenium. 

Valency — 4 

The ruthenium compounds of this valency are few but stable. The 
simple compounds include the very stable dioxide RUO 2 , and of the halides 
only the tetrachloride RUCI 4 and an oxy-halide RUCI 3 OH, made by the 
reduction of ruthenium tetroxide with hydrochloric acid. There is also 
a sulphate. 

Of the complexes the ammines are few and imcertain, probably all 
having the co-ordination number of 6. The complex halides are numerous 
and definite; they are only formed by chlorine and bromine, and are all 
either M 2 [Ru(hal)e] or M 2 [Ru(hal) 60 H]; they are fairly stable. 

With osmium tetravalency is much the most stable state, as trivalency 
is with ruthenium. The binary compounds include the tetrafluoride Osr 4 , 
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black, non*volatile, soluble in water: OSCI 4 , which only dissolves in water 
as it hydrolyses: a hydroxy-chloride OSCI 3 OH. 

There is a tetraiodide, and a dioxide (the disulphide, diselenide, and 
ditelluride have a pyrites structure, and so contain divalent ruthenium). 
The complex salts are also numerous, though they are all anionic, and 
there are practically no ammines; they are all 6 -covalent and are usually 
quite stable. The hexahalides M 2 [ 08 (hal)e] occur both pure and mixed, 
with (hal)e represented by Fg, Clg, Brg, Ig, ClsBr, ClgBrg, CI5OH, BrgOH, 
and CI 5 NH 2 . There are also sulphito-compounds. 

Valency '== 5 

With ruthenium this is only found in the fluorid© RuFg, boiling-point 
273°, which is hydrolysed by water. 

Osmium forms no pentavalent compounds at all. 

Valency = 6 

With ruthenium this valency only occurs in the ruthenates M 2 RUO 4 and 
their derivatives, which correspond to the ferrates. The ruthenates are 
made by oxidizing ruthenium with potassium permanganate or nitrate; 
the corresponding chloro-ruthenates M 2 [Ru 02 Cl 4 ] by the action of hydro¬ 
chloric acid on ruthenium tetroxide. The chlorine in the latter compound 
is easily hydrolysed. 

For osmium the valency of 6 is the next most important valency after 
that of 4. There is a hexafluoride OsF^ (b. pt. 204°, hydrolysed by water 
at once), and a phosphide OsPg; all the other hexavalent compounds are 
complexes. They include the osmates M 2 OSO 4 , which can be made by the 
alkaline oxidation of metallic osmium, or the alkaline reduction of osmium 
tetroxide; they are red or brown salts, easily soluble in water, stable when 
dry but decomposing when wet. They give two series of so-called osmyl 
derivatives, the ‘osmyl ’ salts, of the type M 2 [ 0 s 02 X 4 ] (like the ruthenium 
compounds) where X = Cl, Br, CN, NO 2 , ^Ox, ^SOg*. and the ‘osmyl- 
oxy’ salts M 2[0802 0 X 2 ], where X = Cl, Br, NOg, and JOx. All these 
salts are stable when dry, but decompose in solution. It should be noticed 
that there is no real analogy between the osmyl group and the uranyl 
group except the formal one that both are XO 2 ; the osmyl group is always 
a constituent of a complex anion, whereas the uranyl group is itself a 
cation. 

There are also the very curious ‘nitrilo-halides’ M[OsNBr 4 ], MgfOsNCls] 
and M 2 [OsNBr 5 ] which are made by the reduction of the osmiamates 
(octovalent osmium derivatives) M[ 0 s 03 N] with halogen hydride. 

Valency = 7 

With ruthenium this is entirely confined to the perruthenates M[Ru 04 ], 
corresponding to the permanganates; they are stable in air when dry, but 
the green aqueous solution changes on standing to the orange ruthenate 
M 2 [Ru 04 ], with precipitation of the dioxide RuOg and evolution of oxygen. 

Osmium forms no heptavalent compounds at all. 
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Valency = 8 

This is the group valency. 

With ruthenium this is found only in the tetroxide RUO 4 , made by the 
oxidation of the metal, or of a ruthenate M 2 RUO 4 with chlorine. It melts 
at 27^, sublimes easily, and is somewhat soluble in water. It is an unstable 
substance, readily reduced (usually to a trivalent or tetravalent ruthenium 
compound, or to a ruthenate) by light, hydrochloric acid, or heat. 

There are a fair number of octovalent osmium compounds. There is the 
tetroxide OsOi, melting at 40° and boiling at 130°. It behaves in water as 
the anhydride of a very weak acid, such as H 2 [ 0 s 04 ( 0 H) 2 ]; it is much less 
easily reduced than ruthenium tetroxide. There is an octofluoride OsFg 
(the only known compound AB^), melting at 34-4° and boiling at 47*5°; 
very reactive, and hydrol)\sed by water. 

There are several complex acids derived from the tetroxide, such as 
M[ 0 s 04 ( 0 H)], and M 2 [ 0804 F 2 ]. There are also the curious osmiamates 
M[ 0 s 03 N], easily formed from the tetroxide with ammonia in concentrated 
alkali; they are derived from OSO 4 by replacing one oxygen atom by an 
NH group, the hydrogen of which is acidic. 



RUTHENIUM 

Ruthenium is usually regarded as the rarest of the platinum metals, and 
this is true of the proportions in the platinum ores, but in the earth’s crust 
ruthenium is no rarer than rhodium, osmium, or iridium. 

The chemistry of ruthenium is peculiarly obscure; it is so rare that only 
small quantities are available, and it occurs in nine valency states, often 
going very readily from one to another. The atomic weight is among the 
least certain,®^® since no really suitable compounds for its determination 
are known. 

Metallic Ruthenium 

Ruthenium is a hard white metal, melting at about 2,500° and boiling 
at about 3,700°. It occurs in four modifications, with the following transi¬ 
tion points 

(X -> p - ^ y - 3 . 

1030-1040“ 1200“ ca. 1600“ 

Its specific resistance is 7-46 X 10“^ at 0°; it is not a superconductor. 

Though it is not oxidized by air in the cold, ruthenium combines with 
oxygen on heating more readily than any other platinum metal except 
osmium. The powdered metal is converted by ignition in air into the 
dioxide RuOg. The metal is insoluble in acids, even in aqua regia, but if 
potassium chlorate is added to the solution it is oxidized explosively. It is 
dissolved by fused potash to give the ruthenate K 2 RUO 4 , and is converted 
by chlorine into the trichloride RuClg. 

The metal is a powerful catalyst, especially for oxidations, and is some¬ 
times used technically for this purpose, in spite of its high price. 

Ruthenium and Hydrogen 

Compact ruthenium takes up no hydrogen, but as a fine powder it 
absorbs a large amount, which is not removed in a vacuum in the cold, and 
is presumably held on the surface in the atomised condition. 

Ruthenium and Carbon 

Carbon dissolves in molten ruthenium. According to Moissan®^^ the 
carbon crystallizes out again on cooling, but if the solution is kept for an 
hour at 2,500° a purple crystalline carbide is said to be formed; it was not 

analysed. 

Ruthenium and Nitrogen 

It is very doubtful if any nitride exists. 

K. Gleu and K. Rehm, Z. anorg, Chem. 1938, 235, 352. 

F. M. Jaeger and E. Rosenbohm, Proc, Acad. Amst. 1931, 34, 812; Rec. Trav. 
1932, 51, 37; F. M. Jaeger, Z. anorg. Chem. 1931, 203, 98. 

E. Muller and K. Schwabe, Z. physiJcal. Chem. 1931, 154, 143; Z. Elektrochem. 
1929, 35, 181. 

8*1 H. Moissan, C.R. 1906, 142, 191. 

J. C. McLeiman, J. F. Allen, tmd J. O. Wilhelm, Trans. Roy. Soc. Canada, 
1931, [3] 25, iii. 16. 

*88 See W. Manchot and W. J. Manchot, Z. anorg. Chem. 1936, 226, 411. 
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Ruthenium and Phosphorus 

The phosphide RuP is stable in contact with phosphorus vapour under 
1 atmosphere between 900° and 1,100°; it is black, very resistant to 
alkalies, and scarcely attacked even by aqua regia. 

Monovalent Ruthenium 

Apart from certain carbonyls and nitrosyls all attempts to isolate mono¬ 
valent ruthenium compounds especially the monohalides have failed. 
Monovalent ruthenium may, however, exist in solution. The blue solu¬ 
tion obtained by reducing a solution of trivalent ruthenium®is now 
generally admitted to contain the divalent form (see next section). But 
Manchot claims®2®~®® that if a ruthenium dihalide or trihalide is treated in 
solution with a hypophosphite, a colourless or pale yellow solution is 
obtained, which evolves hydrogen, and has a very high reducing power. 
He concludes that this contains monovalent ruthenium. This has, how¬ 
ever, been denied.®®^ 

DIVALENT RUTHENIUM 

SCABCELY any simple compoimds of divalent ruthenium are known, but 
there are a variety of complexes, and the divalent atom can undoubtedly 
exist in solution, though whether as a simple or a complex ion is not 
certain. 

If the solution of a compound of trivalent ruthenium, say the trihalide, 
is reduced electrolytically or in other ways, the reddish-brown liquid 
becomes pure blue. This blue colour was observed by Fourcroy and 
Vauquelin as early as 1804, and was at first attributed to osmium. The 
nature of the blue substance which this solution contains has been much 
disputed, but there can be little doubt that it is some form of divalent 
ruthenium. The evidence for this is the quantitative determination of the 
amount of reducing agent needed to convert the trivalent ruthenium into 
the blue form, which has been carried out with a variety of reducing 
agents: with sodium amalgam,®®®"^ with hydrogen and platinum black,®®®"® 
with a chromous solution,®®^"® and by cathodic reduction.®®® This is sup- 

W. Biltz, H. J. Ehrhom, and K. Meisel, Z, anorg, Chem, 1939, 240, 117. 

H. RAmy and M. Kohn, ib, 1924, 137, 369. 

L. W6hler and P. Balz, ib. 139, 412. 

H. R6my, ib. 1920, 113, 229. 

E. Zintl and P. Zaimis, Ber, 1927, 60, 842. 

W. Manchot and H. Schmid, ib. 1931, 64, 2673. 

W. Manchot and J. Dusing, Z. anorg, Ch^. 1933, 212, 29. 

G. Grube and H. Nann, Z, Elektrochem. 1939, 46, 871. 

•** H. R6my and A. Luhrs, Ber. 1928, 61, 919. 

H. R4my and T. Wagner, ib. 1927, 60, 494. 

•w H. R4my, ib. 1928, 61, 2109. 

H. Gall and G. Lehmann, ib. 1926, 69, 2858. 

•*« Id., ib. 1927, 60, 2492. E. Zintl and P. Zaimis, ib. 1927, 60, 842. 

•»® W. R. CroweU and D. M. Jost. J.A.O.8. 1928, 60, 377. 

W. Manchot and H. Schmid, Z. anorg, Cherh, 1933, 216, 104. 
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ported by a determination of the amount of potassium permanganate 
needed to convert the ruthenium in the blue solution into the ruthenate.®^® 

The exact nature of the blue compounds is uncertain, but in a hydro¬ 
chloric acid solution there is no doubt a complex chloride present, which 
may be H[RuCl 3 ] or H 2 [RuCl 4 ]; in any case it is evidently not very stable, 
since the ruthenium can be precipitated slowly by various anions such as 
those of the alkalies, hydrogen sulphide, and hydrogen peroxide; potas¬ 
sium permanganate oxidizes the compound at once. As often, the oxida¬ 
tion is much more rapid in alkaline than in acid solution; the precipitated 
dihydroxide Ru(OH )2 is oxidized by oxygen almost immediately. The 
blue solution is not colloidal: it does not give the Tyndall effect, and it is 
not precipitated by salts. 

The simple compounds of divalent ruthenium are few. The supposed 
oxide RuO has been shown®^^''^ to exist. 

The hydroxide is undoubtedly produced (probably hydrated) as a brown 
precipitate darkening in the air through oxidation to Ru(OH) 3 , when the 
blue solution is treated with alkaline hydroxide; but it has not been 
obtained in the pure state. ®^ 2-6 

The monosulphide RuS does not exist, but the compounds RuSg, RuSeg, 
and RuTe 2 , which do, have been shown to have pyrites lattices (with S—S 
ions), and so to contain divalent ruthenium. 

Ruthenium Disulphide^ RuS 2 

Tensimetric and X-ray examination shows®^ that the disulphide is the 
lowest and the only certain sulphide of ruthenium; the supposed higher 
sulphides are probably mixtures of the disulphide with free sulphur. It 
can be made from the trichloride and sulphur at 400°,®^’ or by the action 
of hydrogen sulphide on the trichloride either wet or dry, or from the 
elements at 1,200°.®^® It forms grey-blue crystals, which are shown by 
X-ray analysis®®’ to have a pyrites lattice, with a Ru—S distance of 
2*31 A. It begins to decompose into its elements about 1,000°; it is easily 
oxidized by air on warming, or by nitric acid. 

The selenide RuSeg and the telluride RuTeg are shown by X-ray 
measurements®®® to be the only compounds formed by the elements in 
question. They have a pyrites lattice, and are very similar in every way 
to the disulphide.®®® 

The dihalides must undoubtedly occur in the blue solutions, and the 

H. Gall and G. Lehmann, Ber. 1928, 61, 1676. 

A. Gutbier and F, Ransohoff, Z, anorg, Chem, 1906, 45 , 246. 

L. Wohler, P. Balz, and L. Metz, ib. 1924, 139, 206. 

H. R4my. ib. 1923, 126, 186. 

F. Krauss and E. Bruchhaus, ib. 1930, 189, 64. 

W. Manchot and H. Schmid, ib. 1933, 216, 107. 

R. Juza and W. Meyer, ib. 1933, 213, 273. 

W. F. de Jong and A. Hoog, Rec, Trav, 1927, 46, 173. 

L. Thomassen, Z. phyeikat, Chem, 1929, B 2, 360. 

L. Wohler, K. Ewald, and H. G. KraU, Ber. 1933, 66, 1638. 
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dichloride and dibromide have been separated, though not in the pure 
state. If the blue solution in hydrochloric acid is evaporated down, a 
dark blue or blue-black solid of intermediate composition is left behind, 
but this has usually been found to give the vapour pressure of the 
trihalide. 

Gall and Lehmann, however, by the reduction of the chloride obtained 
a dark blue substance which on analysis gave the ratio Ru:Cl as 1:2*1, 
and formed an intensely blue solution in water and in alcohol. In the same 
way by the reduction of ruthenium tribromide in absolute alcohol with 
hydrogen and platinum black they obtained a black crystalline substance 
in which the ratio Ru:Br was 1:2*04. With the tri-iodide Rulg a blue 
solution was formed, but no solid could be separated from it. 

Ruthenium dicyanide, Ru(CN) 2 . If potassium cyanide is added to the 
blue RuCIg solution a grey-green precipitate is formed, which is easily 
soluble in excess of potassium cyanide, and may be the dicyanide. 

A dithionate RuS 20 e is said®®^ to be formed by the action of sulphur 
dioxide on a solution of the divalent sulphate RUSO 4 . It is a yellow powder, 
easily soluble in water, and begins to give off sulphur dioxide at 80°. It 
needs further investigation. 

These are the only simple compounds of divalent ruthenium that are 
known, but the complexes, especially the cyanides, ammines, and nitrosyl- 
derivatives (p. 1484), are numerous. 

COMPLEXES OF DIVALENT RUTHENIUM 

These complexes are reasonably stable, and some of them very stable; 
they nearly all have the co-ordination number of 6 . On theoretical grounds 
we should expect that 6 -covalent complexes of divalent ruthenium would 
be diamagnetic like the ferrocyanides, and those of trivalent paramagnetic 
like the ferricyanides, and so far as the compounds have been examined 
this is so. But these divalent complexes are limited in extent in a very 
peculiar way. They comprise complex ammines, with 6 nitrogen atoms 
attached to the ruthenium when they are chelate, but never more than 
5 when they are not: the cyanides, of the type M 4 [Ru(CN)e], like the ferro¬ 
cyanides: and an extensive series of nitrosyl derivatives, never having 
more than one NO in the molecule, which are discussed in a later section 
(p. 1484). 

Complex Cyanides of Divalent Ruthenium 

These compounds are all of the type M 4 [Ru(CN) 6 ], corresponding to the 
ferrocyanides; they can be made ( 1 ) by converting ruthenium into the 
ruthenate by fusion with potassium hydroxide and nitrate, and treating 
the product in boiUng aqueous solution with potassium cyanide,®®^ or 
( 2 ) by evaporating ruthenium trichloride in a water bath with excess of 

H. R^my, Z. anorg. Chem. 1920, 113, 250. 

U. Antony and A. Lucchesi, Qaz. 1898, 28, ii. 139; 1900, 30, ii. 75. 

J. L. Howe, J.A.C.8. 1896, 18, 981. 
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potassium cyanide until it becomes colourless. In either case the excess 
of potassium cyanide acts as a reducing agent. 

Ruthenocyanic acid, H 4 [Ru(CN) 6 ].®®^ The complex is so stable that it is 
possible to isolate the free acid, which is precipitated by ether from an 
acidified solution of the potassium salt: colourless plates, stable when dry, 
easily soluble in water and alcohol. 

The sodium salt Na 4 [Ru(CN) 6 ], 0 and 3 HgO is made®^® from sodium 
ruthenate and sodium cyanide: it is colourless. The potassium salt has 
3 HgO which it loses in vacuo at 110 °. The aqueous solution is decomposed 
by mineral acids with evolution of prussic acid. 

Various other salts are known, such as CagA,®^® very soluble in water: 
SrgA, 15 HgO: BagA, 6 HgO, moderately soluble in water. 

The ferric-potassium salt Fe'"K[Ru(CN)fl] is ‘ruthenium purple’, which 
can be used as a pigment. It is in fact Prussian Blue Fe'"K[Fe"(CN) 6 ] in 
which the ferrous atom is replaced by divalent ruthenium®^® (see above, 
p. 1339). 

AMMINES OF DIVALENT KUTHENIUM 

Hexammines 

The hexammines are all trichelate, and are only known in the deriva¬ 
tives of dipyridyl and tripyridyl, examined by Morgan and Burstall. 

The dipyridyl salts are made®®’ by the direct action of a, a'-(2,2'-) 
dipyridyl on ruthenium trichloride or a complex of trivalent ruthenium 
such as ruthenium red (a chloro-ammine) or a complex halide like M[RuCl 4 ], 
at a high temperature (250°) in the absence of a solvent, or more slowly 
in aqueous or alcoholic solution. The ruthenium is reduced to the divalent 
state by part of the dij)yridy 1 : 

2 RuCla + 8 CioHsNa - 2 + 2 HCl 

CioHgNg is dipyridyl: the product C 20 H 14 N 4 is a new tetramine, whose 
constitution is not yet known. The ready occurrence of this unusual 
reduction suggests that the tri-dipyridyl complex is exceptionally stable 
with divalent rather than trivalent ruthenium. These salts are remarkably 
stable; the chloride is not affected by heating to 300° or by boiling with 
concentrated hydrochloric acid or 50 per cent, potassium hydroxide, and 
the optically active bromide (see below) does not racemize in solution at 
aU in the cold, and only slowly at 90°. 

The free base [Ru(dipy) 3 ](OH) 2 , 8 H 2 O consists of red hygroscopic 
crystals, very soluble in water; it is strong enough to expel ammonia from 
its salts and absorb carbon dioxide from the air to form a solid carbonate. 
The salts, which are all red, contain a large amount of water of crj^stalliza- 
tion, presumably because of the large size of the cation: thus we have 

J. L. Howe and E. D. Campbell, ib. 1898, 20, 32. 

F. Krauss and G. Schrader, Z, anorg, Chem, 1927, 165, 70. 

W. Manchot and J. Dvising, ib. 1933, 212, 109. 
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F. H. Burstall, J.C.S, 1936, 173. 



1464 Group VIII. Divalent Ruthenium Complexes 

[Ru(dipy) 3 ]Cl 2 , Br^, I^, (CIO^)^, (NOs)^, all with 6 H^O: (OH)^, SH^O: CO 3 , 
lOHgO: tartrate, 6 HgO. They retain their water of crystallization 
rather firmly: the chloride loses it only at 200 °, and the carbonate goes 
in vacuo to the hexahydrate. The perchlorate, in spite of its large water- 
content, is only slightly soluble in water. 

The tartrate was resolved by Burstall by fractional crystallization into 
its optical antimers, and the activity persisted after conversion into the 
bromide: it has the high value usual among such compounds, [M] being 
7,205°. The aqueous solution of the bromide is quite stable in the cold, 
and only racemizes slowly at 90°. 

The tripyridyl complex of divalent ruthenium was made®®® by heating 
the base with ruthenium trichloride, metallic ruthenium being present 
as well to act as a reducing agent. The chloride [Ru(tripy) 2 ]Cl 2 , 4 HgO 
(again a hydrate) is a red soluble salt, not affected by treatment with con¬ 
centrated hydrochloric acid or concentrated alkaline hydroxide. Attempts 
to resolve it through the tartrate were not successful. 


Lower Ammines: Ammonia Compounds 

The ammonia complexes of divalent ruthenium also form a remark¬ 
able series. They are known to us only through the work of Gleu and 
Breuel.®®^®® Although their co-ordination number is always 6 they never 
have 6 NH 3 groups but 5, 4, or 2,* and of the remaining places in the 
sixfold complex at least one is always occupied by a sulphite radical of 
one kind or another. 

When sodium bisulphite acts on the ‘purpureo’ salts of trivalent 
ruthenium [Ru(NH 3 ) 5 Cl]X 2 , the ruthenium is reduced to the divalent 
state, and one NHg is expelled giving a mixture of two colourless products, 
an almost insoluble tetrammine [Ru''(NH 3 ) 4 (S 03 H) 2 ], and a readily soluble 
diammine Na 4 [Ru"'(NH 3 ) 2 (S 03 ) 2 (S 03 H) 2 ]. If the first of these is heated 
with dilute acid it undergoes a remarkable change: 

[Ru''(NH 3)4(S03H)2] + 2 HCl - [Ru-'(NH3)4(S02)C1]C1 + SO,+ 2 HgO. 

The chlorine in this last complex is not very firmly held: it is to some 
extent replaced by H 2 O in aqueous solution, and if the solid is treated with 
aqueous ammonia it is replaced by NH3, with the formation of the pent- 
ammine complex Ru"(NH 3 ) 5 S 03 .®®® 

The behaviour of the sulphurous residues in these complexes is peculiar. 
They can occur in three forms, [SOg]^, [SOgH]", and [SO3]", all three of 


which can occupy one co-ordination place (SO 3 as M—0—S 


/O 


), and th 6 


♦ The triammine (NH 3)3 form seems to be as unstable here as it is found (see 
pp. 1471, 1487) to be in the nitrosyl ammines. 

G. T. Morgan and F. H. Burstall, J.C.S, 1937, 1664. 
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last also two, as M' 




The last two of these groups are familiar 


in complexes, but the first, SO2, has never been found in any complexes 
but these. Gleu and Breuel point out that the occurrence of SOg as a group 
replacing HgO or NH3 in complexes is to be expected, especially in view 
of the similarity of SO2 and H2O as solvents®®^ (VI. 898 ) (i.e. of the 
strong donor properties of sulphur dioxide), and they suggest an analogy 
to carbon monoxide in the carbonyls. This analogy goes far, since not 
only is ruthenium among the elements which readily form carbonyls, but 
in these sulphito-compounds, as in all its divalent 6-covalent complexes, 
it has the E.A.N. of 54 (krypton). 

The colours of these compounds should be noticed: 

A. Hexammines: all red. 

B. Pentammines®®®: 

[Ru(NH 3)5S03], 2 H2O: colourless. 

[Ru(NH3)5S02]Cl2, Br2, (N03)2, 8203, SO4, 2 H2O: all red. 

C. Tetrammines.®®® 

[Ru(NH 3)4S03H)2] : colourless insoluble. 

[Ru(NH 3 ) 4 S 02 C 1 ]C 1 , red: ]S04H red: —Br]Br, brown, very slightly 
soluble: —(0H2)](N03)2, yellow: —(0H2)]S206, pale yellow. 

D. Diammines.®®® 

Na4[Ru(NH3)2(S03)2(S03H)2], bHgO, colourless, slightly soluble. 

Ammonium salt, 4 II2O, colourless, readily soluble. 


TRIVALENT RUTHENIUM 

This is on the whole the stablest state of ruthenium, but even here the 
simple salts scarcely exist. The trihalides, other than the trifluoride, can be 
got in a more or less pure state, and there is also a cyanide. For the redox 
potentials of the ruthenous ion see reference ®®®. 

The complexes are numerous, comprising ammines of co-ordination 
number 6, with from 2 to 6 amine groups attached to the ruthenium: 
complex halides of every type from MRUX4 to M4RUX7, and a few nitro- 
and oxalato-compounds. The complete absence of complex cyanides of 
trivalent ruthenium is remarkable, in view of the stability of the divalent 
cyanides, of the ferricyanides, and of the simple tricyanide. 

Ruthenium Sesquioxide^ RU 2 O 3 

Recent work has shown that this does not exist: see under RuO (p. 1461 ) 
and RuOg (p. 1475 ). 

Ruthenium Trihydroxide, Ru(OH )3 

This is certainly contained in the black precipitate formed by the action 
of alkalies on a solution of ruthenium trichloride. It is very diflScult to 

G. Jander and K. Wiokert, Z. phyaikal. Chem. 1936, A 178* 57. 

F. P. Dwyer, J. E. Humpoletz, and R. S. Nyholm, Proc. R,S, New S. WaUa, 
1946, 80, 212. 
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wash it free from alkali, and the substance is very unstable, being easily 
oxidized by the air to the tetravalent state and reduced by hydrogen 
below 40°.®®®“® 

Ruthenium Trihalides 

Attempts to prepare the trifluoride RuFg have all failed.®®"^ The other 
trihalides are known. 

Ruthenium Trichloride, RUCI 3 

This substance, which is the easiest simple compound of trivalent 
ruthenium to obtain in the pure state, is used as a standard for the deter¬ 
mination of the valency of ruthenium in other compounds. 

It can be made by the action of chlorine on the metal at 450°, a reaction 
which is catalysed by the presence of carbon monoxide, apparently through 
the formation of an intermediate carbonyl compound®®®; at 600° it is 
deposited on the sides of the tube in crj^stals. It can also be made from 
ruthenium tetroxide by the combined action of chlorine and carbon 
monoxide, or by heating it in hydrochloric acid to 110 °: from the tri¬ 
hydroxide Ru(OH )3 and hydrochloric acid: by the reduction of the tetra¬ 
chloride RUCI 4 : or by the oxidation of the blue RuClg solution. The best 
method is either by the action of chlorine (containing some carbon mon¬ 
oxide) on the metal at 700-800°, or by evaporating a solution of ruthenium 
tetroxide in hydrochloric acid in a current of hydrochloric acid gas. 

It forms black opaque leaflets, which have a layer-lattice (V. M. Gold¬ 
schmidt). On heating it volatizes with considerable decomposition; the 
dissociation pressure of chlorine at 450° is 24 mm. When it is prepared 
from the elements at a high temperature the chloride is almost completely 
insoluble in water, but the trihydrate which is made from the tetroxide 
and hydrochloric acid is hygroscopic, and gives brown or reddish solutions 
in water, which at first contain no ionized chlorine.®®^ This latter form is 
the ‘water-soluble' trichloride of Remy,®®® which is used as a standard in 
the determination of the valency of ruthenium in its compounds. 

The aqueous solution of ruthenium trichloride readily hydrolyses, 
especially on warming, precipitating the black hydroxide Ru(OH) 3 . 

Ruthenium Tribromide, RiiBrg 

Hydrobromic acid acts on ruthenium tetroxide in the same complicated 
way as hydrochloric, giving a variety of products which include the 
tribromide and the tetrabromide and their complexes. Ruthenium tri- 
bromide free from these other substances can be made®®^»®^®“^ by dissolv- 

A. Gutbier, G. A. Leuchs, and H. Wiessmann, Z. anorg. Chem, 1916, 95, 185. 

*** F. ICrauss and H. Kukenthal, ib. 1924, 132, 316. Id., ib. 136, 70. 

866 Ipatiev and O. E. Swjaginzev, Ber, 1929, 62, 708. 

F. Kraiiss and H. Kukenthal, Z. anorg, Chem. 1924, 137, 36. 

H. Remy and T. Wagner, ib. 1926, 157, 344. 

H. Remy and A. Liihrs, Ber. 1928, 61, 918. 

A. Gutbier and C. Trenkner, Z, anorg. OAewi. 1906, 45, 178. 

A. Gutbier, ib. 1919, 109, 207. 
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ing the trihydroxide Ru( 0 H )3 in hydrobromic acid and evaporating the 
solution. It forms dark hygroscopic crystals, but it has never been got in 
the pure state. It dissolves in water and in aqueous hydrobromic acid 
to form a brown solution: the acid solution goes red on standing, probably 
owing to the formation of the complex ion [RuErg]"". The aqueous solu¬ 
tion readily hydrolyses. On addition of alkaline bromides it gives complex 
bromides (p. 1473). 

Ruthenium Tri-iodide, Rulg 

This is made by treating ruthenium trichloride with potassium iodide, 
or by adding potassium iodide to the solution of ruthenium tetroxide in 
hydrochloric acid, or directly from the tetroxide and hydriodic acid 
solution, which is perhaps the best method of preparation. 

It is a black substance,®’® not hygroscopic, and not more than slightly 
soluble in any solvent. It is easily oxidized with the separation of iodine. 

Ruthenium Tricyanide, Ru(CN)3, 5 HgO 

If chlorine is passed into the colourless solution of potassium rutheno- 
cyanide K 4 [Ru(CN)e], this turns yellow and then reddish-brown, and the 
addition of sulphuric acid to the solution precipitates a blackish-green 
substance which after drying has the composition Ru(CN) 3 , 5 H 2 O. It is 
stable and does not decompose in a vacuum below 250°; it is insoluble in 
water, and with ammonia gives an (also insoluble) diammine 

[Ru(NH3)2(CN)3(H20)]°.®’3 

No ruthenicyanides (of trivalent ruthenium) are known. 

? Ruthenmm Sulphite, Ru2(803)3 

When the pale red solution of tetravalent ruthenium sulphate Ru(S 04)2 
is reduced with sulphur dioxide and alcohol added, a blue precipitate 
separates from the blue liquid, which after drying at 80° has the composi¬ 
tion Ru 2 (S 03 ) 3 .®’^ The solution seems to be colloidal, as it is precipitated 
by the addition of any salts. 

This substance is obscure. The blue colour strongly suggests that the 
ruthenium is divalent. 

COMPLEXES OF TRIVALENT RUTHENIUM 

These are numerous, but somewhat limited in, their types. They are 
especially common among the ammines, and also, though in a less degree, 
among the complex halides (no complex halides of divalent ruthenium 
are known). There are also some nitro- and oxalato-salts, and a few 
derivatives of jS-diketones. There are no complex cyanides. 

0 . Ruff and E. Vidic, ib. 1924, 136, 67. 

F. Krauss and G. Schrader, ib. 1928, 173, 66. 

U. Antony and A. Lucchesi, Gaz. 1900, 30, ii. 71. 
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Ammines 

With the exception of the curious compounds 2 RuXg, 7 NH3 (X = Cl, 
Br, I), whose constitution is not understood, these are all hexa-, penta-, 
tetra>, or triammines, and all these classes are of about the same stability. 
They all seem to have a co-ordination number of 6. No chelate ammines 
have been made except of the tetrammine class, but this may be only an 
accident. 

Hexammines 

These are known as ‘Luteo’ salts, the name being taken over from the 
chromic and cobaltic salts of the analogous composition, to which it was 
given on account of their yellow colour. The ruthenium salts are colour¬ 
less, which illustrates the danger of using these significant trivial names for 
elements other than those for which they were invented. 

The hexammines®’^ are all of the type [Ru(NH3)e]X3, and are the final 
products of the action of ammonia on the ruthenium trihalides. They are 
all colourless, and in this differ from their chromium and cobalt analogues, 
but resemble those of rhodium.®’^ 

The salts are extremely stable; they have a neutral reaction in water, 
and are very resistant to acids, showing that they hold the NH3 groups 
with great firmness. Even concentrated mineral acids have no action in 
the cold; boiling concentrated hydrochloric acid removes only one NH3, 
forming the pentammine, and fuming sulphuric acid dissolves the salt, but 
does not break up the complex except on heating. 

On the other hand, these hexammines are very sensitive to alkalies, 
and react with them to give coloured products which are not yet under¬ 
stood. With sodium hydroxide the solution evolves ammonia and turns 
yellow, and then on the addition of hydrochloric acid (but not of hydro- 
bromic or sulphuric) bright blue; this suggests divalent ruthenium, but 
a blue colour is also given by nitric acid. Neither of these blue colours is 
formed by the pentammines. 

A delicate colour test is the formation of ‘ruthenium red' (below, p. 1472 ) 
on continued boiling of the ammine with alkali; this is given by the 
pentammine as well. 

Solutions of these luteo-salts are precipitated by nearly the same anions 
as the hexammines of trivalent chromium and cobalt (I, C2O4, CrO^, 
(>207, Fe(CN);", Fe(CN)r, CIO4). 

An example is the sulphate [Ru(NH3)e]2 (804)3, which crystallizes from 
dilute sulphuric acid as the acid salt [Ru(NH3)e]S04, HSO4 in large yellow 
crystals. Both the normal and the acid sulphate are exactly parallel to 
the salts of the hexammines of trivalent cobalt, rhodium, etc. 

Pentammines 

These are of the forms [Ru(NH3)6(0H2)]X3 (scarcely known) and 
[Ru(NH3)6R]Xa, where R may be any monovalent radical such as hydroxyl 

876 Rehm, Z. anorg, Ghent. 1936, 227, 237. 
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(only in solution), chlorine, or NO 3 . They are known as purpureo-salts, 
but the chloro- (R ” Cl) compounds are intensely yellow, and the bromo- 
compounds orange-red. 

The chloro-salts are formed®’® almost quantitatively by boiling the 
luteo-sulphate with concentrated hydrochloric acid. The chloro-chloride 
(—ClJClg) thus obtained forms deep yellow crystals which are easily soluble 
in hot water.®’® The bromo-compound is less easily formed, and is less 
soluble in water. 

The pentamrnines like the hexammines are stable to acids, but they are 
decomposed by alkahes with loss of ammonia, though the resulting solution 
gives no trace of a blue colour on treatment with concentrated hydro¬ 
chloric acid. The chloro- or bromo-salts will dissolve in ammonia solution 
on warming, no doubt with the formation of hydroxo-salts 

[Ru(NH3),OH]X„ 

which, however, are much too soluble to be isolated. On careful acidifica¬ 
tion in the cold, colourless, very soluble salts which must belong to the 
‘roseo’ (aquo) series of the type [Ru(NH 3 ) 5 (H 20 )]X 3 will separate. 

A weak alkaline solution of the purpureo-salts gives on warming the 
intense red of ruthenium red, but a much weaker alkali can be used (even 
an equivalent of ammonia) and the reaction is much more rapid, than with 
the hexammines. 

All the three compounds 

[Ru(NH 3 )e] 2 (S 04 ) 3 , 5 H 2 O, [Ru(NH 3 )e](S 0 ,)S 04 H, and [Ru(NH 3 ),Cl]Cl 2 

weie found to be paramagnetic, with moments of 2 - 0 - 2 d Bohr mag¬ 
netons®’®; the theoretical value, allowing for electron spin alone, is 1*73. 
(The 6 -covalent ammines of divalent ruthenium are diamagnetic.) 

Tetrammines 

Tetrammines of trivalent ruthenium®”"®® are formed by ammonia, 
ethylamine, pyridine, and ethylene diamine, the last being the only en 
compound of trivalent ruthenium yet described. The most convenient 
method of preparation®’® is by the oxidation of the sulphito-tetrammine of 
divalent ruthenium [Ru(NH 3 ) 4 (S 02 )Br]Br (see above, p. 1464) with bro¬ 
mine, which gives the bromide [Ru(NH 3 ) 4 Br 2 ]Br, HgO, from which the 
other salts can be prepared. These form the so-called praseo-series, the 
bromine atoms in the cation being, as will be shown later, in the trans 
positions. They are very stable to acids, and can be boiled with hydro- 
bromic acid without change; the two bromine atoms in the ion are not 
removed by silver nitrate, which excludes the possibility of an aquo- 
structure [Ru(NH 3 ) 4 (H 20 ) 2 ]Br 3 . Unlike the praseo-salts of cobalt they are 
not hydrolysed to aquo-salts by boiling with water. Like the hexammines 

Id., ib. 1938, 235, 362. 

G. T. Morgan and F. H. Burstall, J.G,S. 1936, 41. 

K. Gleu and W. Breuel, Z. anorg, Chem, 1938, 237, 326. 

•7® Id., ib. 336. 
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and pentammines these salts are paramagnetic, with a moment of about 
2 Bohr magnetons. The evidence that they are trans (praseo) and not cis 
(violeo) compounds is given below, p. 1471. 

[Ru(NH 3 ) 4 Br 2 ]Br, HgO: brilliant violet-red prisms, more soluble in 
water than the purpureo but less than the luteo-salts. Other salts of this 
dibromo-cation are [M]C1, H 2 O, red octahedra: [MJBrg, dark brown, very 
slightly soluble; [MJNOg, brownish-red; [M]S 04 H easily soluble in water, 
a monobasic acid; [M] 2 S 04 , pale red, neutral, less soluble; [M] 2 S 20 e, 
brownish-orange, slightly soluble. The corresponding praseo-cobaltic 
salts are but little known. 

The bromides are darker than the dichlorides, and there are some small 
differences in behaviour, but in general the resemblance is very close. 

Of the dichloro-compounds [Ru(NH 3 ) 4 Cl 2 ]X®’^ the trans series can be 
made like the dibromo-salts from the sulphito-tetrammines of divalent 
ruthenium with hydrochloric acid and chlorine. The cis are made by 
treating the hydroxo-pentammines with oxalic acid, the (obviously cis) 
oxalato-tetrammine so formed being decomposed by boiling for a short 
time with excess of concentrated hydrochloric acid. 

[Ru(NH3),OH]^ —> [Ru(NH 3 ) 40 x]' —> [Rii(NH3)4Cl2]' 

This preparation is a conclusive proof of the cis structure. Tliese cis salts 
are entirely different from the previously described trans series in solu¬ 
bility, crystalline form, water of ciystallization, and chemical reactions. 

It is curious that the chelate oxalato-group, when once it has become 
attached, is more firmly fixed to cobalt than to the other elements; 
treatment with hydrochloric acid will split it off from ruthenium and 
chromium, but not from cobalt. In the same way the conversion of the 
hexammine into the pentammine by hydrochloric acid occurs with 
ruthenium and chromium, but not with cobalt. In both these reactions the 
ruthenium salt reacts less easily than the chromium, and so in a sense 
it comes between chromium and cobalt, but nearer to chromium. 

The 3/4 HgO of the chloride is reduced on heating to 2/3 H^O, which is 
held very firmly; this water, however, is not constitutional, since the 
nitrate and dithionate are anhydrous. The two chlorine atoms in the com¬ 
plex are removed fairly easily by silver nitrate (no doubt with the forma¬ 
tion of a di-aquo-salt), and there is no sign that this replacement goes in 
two stages, as there is with chromium and cobalt. 

The salts are paramagnetic, with a moment of about 2 Bohr magnetons. 

Comparison of the Cis and Trans Dichlorides 

The two series are not interconvertible. With ruthenium both are 
orange and practically identical in colour (with cobalt there is a distinct 
though not very great difference). Stability to acids and to oxidation is 
the same for both; but the chlorine in the complex is held much more 
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firmly in the trans compound, which scarcely gives it up to silver nitrate 
on boiling, than in the cis, which reacts in the cold; a similar difiference is 
found elsewhere, as in the cis and trans forms of the platinous diammine 
[Pt''(NH3)2Cl2].®®^ The solubility is on the whole greater with the cis. 

In the cis compounds ruthenium holds the chlorine much more firmly 
than cobalt; it is in accordance with this that the cis cobaltic salts go quite 
easily over into the trans, while the cis ruthenium salts will not go over 
at all, not even when the solution is boiled, or the dry salt heated to 140 °. 
Trivalent rhodium gives no tetrammines, but trivalent iridium does, and 
as these closely resemble the violeo-ruthenium salts, they also must be cis. 

Violeo (cis) Dibromo-tetrammines^^^ 

The m'-dibromo-tetrammines are difficult to make with any metal. 
With cobalt they are known only in the di-en complexes. The cis dibro¬ 
mides of ruthenium can be made, like the chlorides, through the oxalato- 
compounds. The bromine in the complex is removed by silver nitrate in 
the cold, though only slowly. The salt is quite stable to acids, and can be 
heated to boiling with concentrated hydrobromic acid without change, 
though on long boiling it seems to be converted into the triammine 
[Ru(NH3)3Br3]°. 

Like the dichlorides, the cis and trans dibromides are not intercon¬ 
vertible. Both series ere reddish, and the colours are scarcely distinguish¬ 
able in solution, but in the solid state the trans is more violet, and the cis 
more brown. The stability to acids is about the same in both, but the 
trcns hold their halogens more firmly. The cis halides and nitrate are 
more soluble than the trans, but the trans sulphate is more soluble than 
the cis. 

As compared with the dichloro-compounds the dibromides are darker, 
but otherwise there is very little difference between the two series, and in 
particular very little in the firmness with which the complex halogen is 
held. 

Triammines^^^ 

The triammines, which are all of the type [Ru(NH3)3hal3]°, were first 
obtained by Gleu and Breuel,®’^® who showed that the violeo-chloride, 
[Ru(NH3)4Cl2]Cl, is decomposed by prolonged heating with concentrated 
hydrochloric acid up to the boiling-point, with the separation of a red 
precipitate of the triammine [Ru(NH3)3Cl3]°; this forms red ciystals 
which can be recrystallized from much dilute hydrochloric acid, but as it is 
not a salt it is far less soluble than most of these arnmines. As it is much 
easier to make from the cis dichloro-compounds than from the trans, it 
probably is itself a cis compound. The corresponding bromide is much less 
easily made.®®® 

These seem to be the only two known triammines of trivalent ruthenium. 
They are examples of the instability so common among triammines. 

H. D. K. Drew and F. W. Chattaway, J.C.S. 1938, 198. 
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Ruthenium Red 

It was discovered by Joly in 1892®®® that if ruthenium trichloride is 
treated with ammonia, the product forms an intensely red solution which 
will dye animal fibres red: he called it ‘ ruthenium red Gleu and Hubold®®^ 
found that it had very remarkable properties as a redox indicator: the 
brilliantly red solution is stable to acids and alkalies, but in acid solution the 
colour is turned yellow by even weak oxidizing agents such as ferric chloride, 
and restored by strong reducing agents like titanous chloride; the reaction 
is so delicate that it will detect one drop of njlfiOO ceric sulphate solution 
in 100 c.c.; the colour of ruthenium red itself can be detected in solutions 
more dilute than one in* a million.®’’^ 

The structure and even the composition of this substance are doubtful; 
every formula proposed is open to attack, ®^^'®®® and all that we can be sure 
of is that the molecule must contain two ruthenium atoms. 

Ammines of the Trihalides 

These again are substances of uncertain structure. All the three tri¬ 
halides of ruthenium when treated in the dry state with ammonia take 
this up with the production of highly coloured red or violet solids, which 
have been said®®®'®®® to have the composition 2 RUX 3 , 7 NH 3 , but at least 
the first two are more probably RuClg, 3 NH 3 , and RuBr 3 , 3 NHg.®^^'®®® 
They dissolve in water, the first being converted into ruthenium red, and 
the other two giving very similar substances. They are not very stable 
and seem on treatment with acid to lose the ammonia and be converted 
into oxides. 

It is difficult to see how they can be formulated, as they are certainly 
not identical with the insoluble triammines [Ru(NH 3 ) 3 X 3 ] already 
described. 

N itro-complexes 

These are of the type M 2 [Ru(N 02 ) 6 ]; they are prepared®®"^ by treating 
ruthenium trichloride with excess of the alkaline nitrite; they are reddish- 
orange. The sodium and potassium salts are very soluble in water, and 
stable enough to be recrystallized from it unchanged. 

Oxygen Complexes 

These seem to be confined to ^-diketone derivatives and oxalato- 
compounds. 

The acetylacetonate RuAg is made®®® by warming ruthenium trichloride 
with acetylacetone in potassium bicarbonate solution. The liquid turns 
red, and the RuAg is precipitated as a blood-red powder. It is insoluble in 

A. Joly, C,R. 1892, 114 , 291; 115 , 1299. 

K. Gleu and R. Hubold, Z, anorg, Ckem. 1936, 223, 312. 
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water but soluble in nearly all organic solvents giving red solutions, and 
it can be recrystaliized from benzene or chloroform. Cryoscopic determina¬ 
tions in bromoform solution give the simple molecular weight of RuAg. 
It sublimes on heating, and gives a red vapour which burns in air. It is 
decomposed by concentrated hydrochloric acid. It forms mixed crystals 
with the aluminium analogue AIA3, which separate from a solution of the 
two substances in benzene 

The oxalato-salts are of the type M3[RuOx3]. The potassium salt is 
made by the action of potassium oxalate on the pentachlororuthenate 
K2[RuCl5(H20)], and the others are prepared from this or in a similar way. 

The free acid must be present in the solution obtained by boiling 
ruthenium trihydroxide Ru(OH)3 with oxalic acid, since this has the charac¬ 
teristic green colour of the ion ; but it has not been isolated. The sodium 
(5 HgO), potassium (5, 1, | HgO), and ammonium (3 H2O) salts are very 
similar®®®; the water in the last two is no doubt attached to the oxalato- 
groups. 

Complex Halides of Trivalent Ruthenium 

These are formed by the chlorides and rather less easily by the bromides, 
but they are not known with the fluorides (there is no RuFg) or iodides. 

With many of them there is a doubt whether the water they contain is 
to be taken as part of the complex or not. This must be decided on the 
evidence in each case (and ultimately by X-ray analysis), which generally 
is in favour of assigning to the complex a covalency of 6 if possible (e.g. 
[RuX 4(OH2)2] and [RuX5(OH2)]). They are, however, most conveniently 
classified by the halogen:ruthenium ratio, which is not in doubt. On this 
basis they are of four different types, from MRUX4 to M4RUX7; the last 
of these is confined to the salts of certain organic amines. 

Tetrahalides, M[Ru(hal)4], x HgO 

The free acid of the chloro-series, H[RuCl4], 2 HgO, can be made®®® by 
boiling ruthenium tetrachloride solution with alcohol and evaporating 
down. It is remarkable for occurring in two forms, which differ even in 
solution. As first prepared it forms very hygroscopic reddish needles, 
giving a red solution. Repeated treatment with alcohol converts this into 
a green form, also very soluble, which gives a green solution. If this is 
warmed with hydrochloric acid it is reconverted into the red form. The 
suggestion that the green form is a mixture of ruthenium compounds in 
different valency states has been disproved by mixing solutions of 
ruthenium di-, tri-, and tetrachlorides, without its being produced. The 
isomers are no doubt the cis and trans forms of the diaquo-complex 
H[RuCl4(OH2)2]. 

The salts of the tetrachloro-series®®^ are made from the ammonium salt, 
which is itself prepared by reducing ammonium ruthenate with stannous 

R. Charonnat, Ann. Chim. 1931, [10] 16, 133. 
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chloride in hydrochloric acid solution. They are all red or reddish-brown 
salts, with at least two molecules of water of crystallization, which can 
never be removed without decomposition, and so must form part of the 
complex anion, as in M[RuCl 4 (OH 2 ) 2 ]* None of these salts have been found 
to occur in two forms like the acid. The complex does not seem to be very 
stable, since, at least in the ammonium salt, the chlorine is fairly rapidly 
removed by silver nitrate. 

The corresponding bromides®®- are similar, but less stable. 

Pentahalides 

The properties of the pentachlororuthenates (Deville, 1859) have been 
much disputed.®®®"^ Gutbier and Niemann®®® find that there are two 
potassium salts, K 2 [RuCl 5 (OH 2 )] and K 2 [RuCl 5 ]. The aquo-salt is formed 
by the reduction of ruthenium tetrachloride solutions with alcohol, stan¬ 
nous chloride, etc., in presence of potassium chloride; it forms red crystals, 
which dissolve in water to form a red solution. If this aquo-salt is heated 
to 180-200® it loses water and is converted into the anhydrous salt 
K 2 [RuCl 5 ]. This consists of black prisms which readily dissolve in water 
to give a stable yellow solution. This salt changes only slowly into the red 
aquo-compound if its solution in dilute hydrochloric acid is boiled, or if 
the solid is allowed to stand in hydrochloric acid for hours. 

Rubidium and caesium give similar aquo-salts, but their anhydrous 
salts are not known. 

The aquo-bromides M 2 [RuBr 5 (OH 2 )] are known of potassium, rubidium, 
and caesium; they are brown or red-brown. The anhydrous bromides 
M 2 [RuBr 5 ] have probably®®’ never been made. 

Hexahalides 

These are only known with the chlorides. 

Sodium hexachlororuthenate Na 3 [RuCl 6 ], 12 H 2 O is made®®® by reducing 
ruthenium tetrachloride with alcohol in presence of sodium chloride; it 
forms large deep red crystals, which readily lose 10 H 2 O in air in the cold, 
and the last 2 HgO at 130®, It is extraordinarily like the corresponding 
rhodium compound in colour, crystalline form, and behaviour.®®® The 
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potassium and ammonium salts both have 1 HgO and are red; they are 
made by saturating the aquo-pentachloride M 2 [RuCl 5 (H 20 )] with hydrogen 
chloride gas at 

Heptahalides 

These are only known among the numerous ruthenihalides of organic 
bases, perhaps on account of the large size of the cation. These salts®®®"®®® 
are of all types from M 2 [RuX 5 ] to M 4 [RuX 7 ], but there are no tetrahalides 
M[RuX4]. 

These salts are all brown, reddish, or black, the bromides being on the 
whole darker than the chlorides. Their structure is not known. Accord¬ 
ing to Gmelin®®^ the number of salts obtained from 29 bases were 
(X - Cl and Br) M 2 [RuX 5 ] 47, M 3 [RuXe] 38, M 4 [RuX 7 ] 20 . 

TETRAVALENT RUTHENIUM 

This state of the ruthenium atom is evidently very stable in a limited 
number of molecules; the compounds in which it occurs are quite definite, 
but there are fewer of them than of trivalent or even probably of divalent 
ruthenium. They include some binary compounds, as an oxide, sulphide, 
and chloride (no other halide), and the salts of one or two oxyacids such 
as sulphuric. The complexes again are quite definite but not numerous. 
They include one or perhaps two ammines, complex halides (bromides as 
well as chlorides), and a few ato-compounds. 

Ruthenium Dioxide^ RuOg 

X-ray investigations have shown®®® that the only oxide of ruthenium 
produced by heating the metal in oxygen, or by dehydrating the hydroxide, 
is the dioxide RuOg; it is in fact the only oxide other than the volatile 
tetroxide RUO 4 that exists. 

It can be made by roasting ruthenium disulphide in air, or heating the 
metal in pure oxygen at 1 , 000 °; by heating ruthenium trichloride in 
oxygen to 600-700°®®®; by precipitating the trihydroxide Ru(OH )3 with 
alkali from solution of ruthenium trichloride, and after exposure to air 
completing the oxidation with hydrogen peroxide®^®; or by igniting the 
tetravalent sulphate Ru(S 04 ) 2 .^^^ 

It is stable up to a red heat, and forms beautiful blue apparently homo¬ 
geneous crystals; but analyses show that the composition is seldom 
exactly that of the dioxide, and the blue colour certainly suggests the 
presence of some lower valency of ruthenium, probably 3. At higher 
temperatures the dioxide breaks up into its elements, the dissociation 
pressure of oxygen being about 50 mm. at 950°. 

Acids have no action on the dioxide in the cold, but it is reduced on 
heating with hydrogen or carbon monoxide. 

G. Lunde, Z. anorg. Chem, 1927, 163, 345. 

L. Wohler, P. Balz, and L. Metz, ib. 1924, 139, 213. 

E. Muller and K. Schwabe, Z, Elektrochem, 1929, 35, 171. 

A. Gutbier and F. Ransohoff, Z, anorg. Chem. 1905, 45, 252. 
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Ruthenium Tetra-hydroxide^ Ru(0H)4 

There is no doubt that hydrated ruthenium dioxide exists, though its 
composition is not quite certain. Wohler®®® obtained a hydroxide of the 
composition Ru(OH)4 by reducing a solution of the tetroxide in water with 
mercury light or with hydrogen peroxide, or by decomposing a ruthenate 
M2RUO4 with alcohol or nitric acid or carbon dioxide. Charonnat®^® 
claims to have got solid Ru(OH)4 by air-oxidation of Ru(OH)3. It may be 
doubted whether the hydroxide M(OH)4 of any element has ever been got 
pure. 

Chlorides of Tetravalent Ruthenium 

Tetravalent ruthenium is almost unique in forming no binary halide 
except with chlorine. Even so, the anhydrous halide is not known, but 
only the pentahydrate RUCI4, 5 HgO, and a hydroxy-chloride Ru(OH)Cl3. 
These are among the various products of the decomposition of ruthenium 
tetroxide by aqueous hydrochloric acid. This is a very complicated pro¬ 
cess, which is probably®^^^’' expressed by the following reactions: 

I. RUO4 + 6 HCl —^ H2RUO2CI4 -f CI2 4- 2 H2O 

II. H2RUO2CI4 -f 2 HCl —> RUCI4 CI2 + 2 H2O 

III a. RUCI4 -f H2O —> Ru(OH)Cl3 -f HCl 

III 6. RUCI4 —> RUCI3 -f 1/2 CI2 

To prepare the hydrate RUCI4, 5 HgO, a solution of the complex oxy¬ 
chloride H2RUO2CI4 in hydrochloric acid is heated with a stream of chlorine 
passing through it, and then evaporated over phosphorus pentoxide. The 
hydrate forms large red crystals, excessively hygroscopic, and gives oflF 
most of its water in a stream of chlorine at 100°. It is hydrolysed in dilute 
aqueous solution, with precipitation of the hydroxide. 

The hydroxychloride Ru(OII)Cl3 is made by evaporating the solution of 
the tetroxide in concentrated hydrochloric acid to dryness; it is dark red 
and very soluble in water. In solution it is reduced by stannous 
chloride or by heating with alcohol to the trichloride RUCI3. 

The work of Ruff and Vidic®^® throws some light on the absence of the 
other tetrahalides. They consider that when ruthenium tetroxide is heated 
to boiling with a halogen hydride the tetrahalide is the first product in 
every case; this is certainly so with chloride, where the change to the 
trihalide is very slow: with bromine, though no tetrabromide was isolated, 
it probably occurs, but the change to RuBrg is much quicker. With 
hydriodic acid the tri-iodide is formed at once, and there is no sign that a 
tetraiodide RUI4 really exists. 

R. Charonnat, Ann. Chim. Phya. 1931, [10] 16, 13. 

S. Aoyama, Z. anorg. Chem. 1926, 153, 248. 

J. L. Howe, J.A.C.S. 1901, 23, 778. 

F. Krauss, Z. anorg. Chem. 1921, 117, 111. Id., ib. 1924, 136, 64. 

•1’ H. R4my and A. Luhrs, Ber. 1928, 61, 924; 1929, 62, 200. 

E. Zintl and P. Zaimis, ib. 1928, 61, 2110. 

O. Ruff and E. Vidic, Z. anorg. Chem. 1924, 136, 49. 
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Tetravalent Ruthenium Sulphate, Rii( 804)3 

This salt is contained in the bright red solution produced®^® by the 
action of concentrated sulphuric acid on barium ruthenate. It is also 
formed®^® by the oxidation of the pyrosulphite (next section) Ru(S 205 ) 2 . 
It is not affected by dilution with water, but the whole of the ruthenium 
is precipitated as disulphide RuSg by hydrogen sulphide. 

Tetravalent Ruthenium Pyrosulphite, Ru(8205)2 

This compound is made®^! by the action of air on the so-called hexa- 
sulphide RuSg (probably a mixture of the disulphide RuSg and sulphur) 
which is precipitated by hydrogen sulphide from a solution of a tetra¬ 
valent ruthenium salt. 

It is a reddish-violet powder which turns black and metallic-looking at 
110°. When freshly prepared it dissolves in water as a reversible colloid, 
but after it has been heated it is black and insoluble. 

COMPLEXES OF TETRAVALENT RUTHENIUM 

These are almost confined to the complex halides, though a few ammines 
and an oxalato-compound are known. The ruthenium has a covalency of 
6 in all of them. 

Ammines 

Apart from a few doubtful examples mentioned in a dissertation in 
1904®22 not confirmed since, ®^^ the only ammine of tetravalent 
ruthenium that has been described is the (covalent) pyridine compound 
[Ru(py) 2 Cl 4 ]° obtained®^^ by oxidizing a ruthenium trichloride solution 
with hydrogen peroxide and then adding pyridine hydrochloride. It 
separates from an acid solution of pyridine hydrochloride in yellow crystals, 
very slightly soluble in water (as it is not a salt), and insoluble in chloro¬ 
form ; it is easily soluble in concentrated hydrochloric acid to give a pale 
red solution, which turns deep green on heating. 

Oxalato-compound 

The only compound known is the trichelate salt K 2 [Ru'"''(C 204 ) 3 ], made 
by oxidizing the trivalent K 3 [Ru"'(C 204 ) 3 ] with air or hydrogen peroxide.®2® 
It forms black crystals, and is black in concentrated aqueous solution, but 
on dilution changes colour owing to hydrolysis. 

Complex Halides of Tetravalent Ruthenium 

These compounds are quite definite and fairly numerous. They are 
formed by chlorine and bromine with about equal ease, but not by 
fluorine or iodine. Unlike the complex halides of trivalent ruthenium they 

•20 U. Antony and A. Lucchesi, Qaz, 1899, 29, ii, 314. 

•21 F. M. Jaeger and J. H. de Boer, Rec, Trav, 1921, 40, 163. 

•22 K. Trenkner, Diss., Erlangen 1904; see Grnelin, pp. 33, 60, 67, 71. 

•23 A. Gutbier and C. Trenkner, Z, anorg. Chem. 1906, 45, 166. 

•24 R. Charonnat, Ann, Chim, Phya, 1931, [10] 16, 118. *25 Id., ib. 173. 
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all have the co-ordination number of 6 ; they are of only two types 
M2 [RuX 6] and M2[RuX50H], and are usually anhydrous. 

Hexahalides, M2[RuXg] 

Potassium hexachlororuthenate K2[RuCl6] can be made by fusing 
ruthenium with potassium chlorate, and adding excess of potassium 
chloride to the dissolved product®^®: or by passing chlorine through a 
solution of the trivalent ruthenium salt K2[RuCl5(OH2)].®^® On heating it 
loses chlorine at 520 ° to give the trivalent salt K2RUCI5. It consists of 
small dark brown crystals, forming mixed crystals with potassium chloro- 
platinate, and it is isomorphous with the corresponding osmium, iridium, 
palladium, and platinum salts. It dissolves readily in water to give a 
yellow solution which soon turns black owing to hydrolysis. The other 
alkaline hexachlorides are similar, but become less soluble as the atomic 
weight of the alkali metal increases, until the caesium salt Cs2[RuCle]®^^ 
(dark purple crystals) is almost insoluble in cold water: it is decomposed 
by hot. 

The hexabromides are similar, but they are darker in colour, and rather 
more easily hydrolysed. 

Hydroxo-pentahalides^ M2[RuX 5( OH) ] 

The potassium chloro-salt of this series has been disputed, but it was 
shown by Charonnat®^® that however it is made it always has the composi¬ 
tion K2[RuCl6(OH)], and contains tetravalent ruthenium.®^® It is best 
made by the action of hydrochloric acid on ruthenium tetroxide, or by 
reducing potassium ruthenate with alcohol and hydrochloric acid.®®®"® 

It forms red-brown crystals fairly soluble in hot water to give an orange 
or red-brown solution, which decomposes easily, especially on warming, 
and forms a black precipitate; it is more stable in presence of hydrochloric 
acid. If it is dissolved in concentrated hydrochloric acid, the hexa- 
chloride KgRuCle crystallizes out. It is not liable to oxidation, but it is 
readily reduced, for example by potassium iodide to the tri-iodide Rulg. 

The other hydroxo-pentachloiides are similar, and so are the bromine 
compounds M2[RuBr5(OH)]. 

PENTAVALENT RUTHENIUM: RuFg 

PentaVALENT ruthenium is found so far as we know only in one com¬ 
pound, the pentafluoride RuFs®®®; this is the more remarkable since this 

J. L. Howe, J,A.G,S, 1904, 26, 644; J. L. Howe and L. P. Haynes, ib. 1925, 47, 

2924. 

R. Weinland, Komplexverbindungerif Enke, Stuttgart, 1919, p. 146. 

«« R.Charonnat, C.R, 1926, 180, 1212 ; Ann, Chim, Phya, 1931, [10] 16, 37. 

See also J. L. Howe, J,A,C,8, 1927, 49, 2383. 

A. Gutbier, F. Falco, and T. Vogt, Z. anorg, Chem, 1921, 115, 226. 

•81 S. H. C. Briggs, J,C,S. 1926, 127, 1044. 

•8* H. Remy and T. Wagner, Z. anorg. Chem. 1928, 168, 6. 

•8* O. Ruff and E. Vidic, ib. 1925, 143, 171. 
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is the only binary compound of ruthenium and fluorine known, and almost 
the only known compound containing both ruthenium and fluorine. 
Ruflf®^ considers that when fluorine acts on metallic ruthenium a small 
quantity of a lower fluoride may be formed, but he did not isolate it. 

Ruthenium pentafluoride is very difficult to prepare; it attacks glass, 
even when quite dry, so that platinum vessels must be used, and at the 
temperature (290^^) at which the ruthenium reacts, the platinum does so 
too, forming the tetrafluoride PtF4 which contaminates the ruthenium 
pentafluoride. These difficulties were, however, overcome, the perita- 
fluoride being finally purified by distillation in a stream of nitrogen at 260"^. 

Ruthenium pentafluoride forms a dark green transparent mass, which is 
excessively sensitive to moisture; it fumes in air, and quickly decomposes 
even over phosphorus pentoxide in a vacuum. It melts at 101°, and boils 
under 1 atm. pressure at 270-6°. 

It is decomposed by moisture, and on treatment with water forms 
hydrofluoric acid and ruthenium tetroxide (easily detected by its smell), 
while a black precipitate of a lower oxide of ruthenium is produced. 
Organic solvents act on it only superficially. 

Ruthenium jpentoxide^ RU2O6, has been shown not to exist; the tetroxide 
on reduction goes at once to the dioxide. 

HEXAVALENT RUTHENIUM 
The compounds of hexavalent ruthenium are nearly all derivatives of 
ruthenic acid H2[Ru04], and consist of the salts, one or two ammine 
derivatives, and an acid chloride. There is also a phosphide RuPg. 

RuthenateSy M 2 [Ru 04 ] 

The potassium salt is made by fusing metallic ruthenium or a compound 
with potassium hydroxide and either the nitrate^®® or the permanganate.®^^ 
It forms hygroscopic black crystals with a green reflex. It is easily 
soluble in water to give a deep orange solution, which is very unstable, 
and often decomposes of itself within 15 minutes of its preparation; the 
salt is decomposed by acids and reduced by most organic compounds. 
While the potassium salt has a molecule of water of crystallization, the 
sodium salt®®"^ is anhydrous; otherwise this salt, and those of rubidium 
and caesium,®^® behave very like the potassium salt. The salts of the 
alkaline earths are also similar. 

WTien the potassium salt is treated with ammonia a substance is obtained 
with the composition of an ammonium ruthenate (NH4)2[Ru04], but with 
quite different properties. On the addition of ammonia the red colour 
changes to yellow, or in higher concentrations to greenish-brown, and the 

A. Gutbier, G. A. Leuchs, H. Wiesmann, and O. Maisch, ib. 1916, 96, 182. 

O. Ruff and E. Vidic, ib. 1924, 136, 49. 

F. Krauss, ib. 1924, 132, 309. 

w’ R. Juza and W. Meyer, ib. 1933, 213, 274. 
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solution is no longer decomposed by heating or by acids. Also the 
‘ammonium sa’fc’ which is isolated in this way is quite unlike the alkaline 
ruthenates: it consists of small black crystals which are scarcely soluble 
in water and only slightly in concentrated sulphuric or nitric acid, though 
they dissolve readily in concentrated hydrochloric acid. If triethylamine 
is used instead of ammonia, a solid of the corresponding composition 
(Et3NH)2[Ru04] is obtained, which is exactly like the ammonia product 
in appearance and behaviour. It is clear that these are not true ruthenates, 
and they are probably not salts at all; they may weU have the constitu¬ 
tion [Ru 02(NH3)2(0H)2]°. This conclusion is supported by the fact®^® that 
if the ammonia compound is dissolved in excess of concentrated hydro¬ 
chloric acid and evaporated, a soluble brown mass is obtained of the 
composition Ru02(NH3)2Cl2, 2 H2O, which is reconverted into the original 
‘salt’ by warming with ammonia. The chloride (which retains its water 
of crystallization up to 120° when it decomposes) gives in water a brown 
solution with a strong acid reaction, from which silver nitrate precipitates 
all the chlorine, suggesting that the structure is [Ru02(NH3)2(H20)2]Cl2. 

Tetrachlororuthenates 

These compounds are the acid H2[Ru02C]4] and its salts. The free acid 
( + 3 HgO) can be made®®® by the action of chlorine and hydrochloric acid 
on ruthenium tetroxide. It forms brown very hygroscopic crystals, very 
soluble in water and in alcohol. It loses most of its water in a stream of 
hydrogen at 100°; it melts at 120° and decomposes above that tempera¬ 
ture. The solution has an acid reaction; it is stable if it is concentrated or 
if it is acidified, but in dilute solution it is hydrolysed. Concentrated 
hydrochloric acid converts it into the hexachlororuthenate H.2[RuCl6], 
and ammonia reduces it to compounds of trivalent ruthenium. 

The rubidium salt Rb2[Ru02Cl4] is made®®® by the action of rubidium 
chloride on a solution of ruthenium tetroxide in hydrochloric acid, the 
ruthenium being reduced by the acid from the octovalent to the hexava¬ 
lent state. It consists of dark purple crystals, which are at once decom¬ 
posed by water. The caesium salt is similar. 

Ruthenium Diphosphide^ RuPg 

This is formed from its elements at temperatures above 650°, and is 
stable in presence of 1 atm. of phosphorus vapour up to 900°.®^® 

HEPTAVALENT RUTHENIUM 

This occurs only in the perruthenates. The analogy between the 
ruthenates and the manganates and rhenates, and between the perru¬ 
thenates and the permanganates and perrhenates, is obvious, the anions 
having the same relations of valency and structure, but a difference in the 

S. Aoyama, Z. anorg, Chem, 1924, 138, 262. 

J. L. Howe, J,A,C,S, 1901, 23, 779. 

W. Biltz and H. Ehrhom, Z, anorg', Chem, 1939, 240, 117. 
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size of the core of the central atom, the number of unshared valency 
electrons being: 



M 2 XO 4 

MXO 4 

X = Mn, Re . 

9 

8 

X - Ru . 

10 

9 


This is in accordance with the general tendency of the elements of the 
second long period in the table as compared with those in the first (and 
third), to attract more electrons from the outermost into the penultimate 
group, i.e. into the outermost group of the core; this appears too in the 
structure of the isolated atoms, the two outermost electronic groups 
being in iron 14, 2 and in ruthenium 15, 1. 

Potassium perruthenate K[Ru 04 ] is the primary product of the fusion 
of metallic ruthenium with potassium nitrate and excess of potassium 
hydroxide®^^"^; it is also formed slowly along with the dioxide when a 
solution of the ruthenate K 2 RUO 4 is diluted, and rapidly if it is acidified.®*^ 
It is best made by passing chlorine into a concentrated alkaline solution 
of potassium ruthenate until the orange solution turns green. 

KRUO 4 forms black crystals which are not i^omorphous with potassium 
permanganate.®^^ They are stable in air, but in a vacuum at 440° they are 
converted into K 2 Ru 04 -f RuO.^+Og* The aqueous solution, which is dark 
green, is unstable, and soon decomposes with formation of the orange 
ruthenate and precipitation of ruthenium dioxide. If alkali is added to 
the solution, oxygen is at once evolved, and the ruthenate formed. 

OCTOVALENT RUTHENIUM 

This valency is only found in the tetroxide RUO4 ; attempts to make an 
octofluoride RuFg corresponding to the osmium compound OsFg have 
failed, although it may possibly be formed.®^® 

Ruthenium tetroxide was first prepared by Claus®^^ in 1860, by passing 
chlbrine into a solution of potassiign ruthenate, when the volatile ruthenium 
tetroxide distilled over. It can be freed from chlorine by washing with 
water. Special care must be taken to prevent any trace of the vapour 
from escaping into the air, as it is excessively poisonous. It can also be 
made®®^ by fusing ruthenium powder with potassium hydroxide and per¬ 
manganate, and decomposing the powdered product (which contains 
ruthenate, manganite, and manganate) with sulphuric acid in a stream of 
carbon dioxide, which carries the tetroxide over. The reaction is: 

3 K 2 RUO 4 + 2 KMn04 + 4 H 2 SO 4 

—> 3 RUO 4 + 4 K 2 SO 4 -f 2 MnOg HgO + 4 Kfi, 

H. Debray and A. Joly, C,R. 1888, 106 , 1499, 

R. Charonnat, Ann, Chim. Phya, 1931, [10] 16 , 9. 

H. Dufet, BidL Soc. Min. 1888, 11 , 216. 

C. Claus, J. prakt, Chem. 1860, 79, 43. 
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Ruthenium tetroxide occurs in two forms, one yellow and the other 
brown or orange. The tetroxide comes over as a yellow vapour, from which 
long yellow needles of the unstable form separate. This form melts at 
25*5°, to a brown liquid, from which the brown form, m. pt. 
solidifies. If this is heated it sublimes, condensing again in the original 
yellow form. 

Ruthenium tetroxide has a strong smell hke that of concentrated ozone; 
it is extremely poisonous, but it does not attack the eyes so violently as 
osmium tetroxide. 

It begins to volatilize at 7°, and it readily subhmes,* but if it is heated 
above 100 ° it is liable to explode violently, leaving a residue of the dioxide 
RUO 2 ; in contact with oxidizahle organic substances like alcohol it may 
explode at a lower temperature. In the cold it is stable when dry. It 
dissolves in water to give a golden yeUow solution, which begins in a few 
hours to decompose with the formation of a lower oxide of ruthenium; 
the solution can, however, be kept unchanged for years (it has been kept 
for 5 years) if a few drops of chlorine water are added to it; with this 
stabilized solution it has been shown that the solubility is 2*21/25° and 
2 * 28 / 75°.®^5 

Ruthenium tetroxide is in general an unstable substance. It is decom¬ 
posed by sunlight: it is reduced as we have seen by hydrochloric acid, 
mainly to chlorides of tetravalent and trivalent ruthenium, and by 
hydrogen peroxide to ruthenium dioxide; the addition of alkaline halides 
to its solution in aqueous hydrogen hahde gives rise to complex halides. 
Alkalies dissolve it with the formation of a ruthenate M 2 RUO 4 , or if the 
tetroxide is in excess of a perruthenate MRUO 4 (presumably with the 
liberation of oxygen); in all these reactions the valency of the ruthenium 
is reduced. 

The links in RUO 4 (which is monomeric in the vapour) are presumably 
in resonance between Ru—and Ru=0; but the observed shortness of 
the Os—0 links in the obviously analogous OSO 4 (p. 1504) suggest that the 
doubly linked state predominates. ' 

RUTHENIUM CARBONYLS 

Ruthenium Pentacarbonyl, Ru(CO) 6 , is made®^® by heating finely divided 
ruthenium with carbon monoxide under 200 atm. pressure at 180°, or 
more easily by the action of carbon monoxide on ruthenium tri-iodide 
R11I3 at 170° under 1 atm. 

It is a liquid freezing at — 22 ° to colourless crystals, and having a vapour 
pressure of 50 mm. at 18°. It dissolves readily to form a colourless solu¬ 
tion in organic solvents such as alcohol, benzene, chloroform, etc., but it is 
insoluble in water. On standing the liquid soon turns yellow, evolves 

* Its boiling-point seems to be unknown. 

H. Rerny, Z. ange.w. Chvm. 1926, 39, 1061. 

W. Manchot and W. J. Manchot, Z, anorg, Chem. 1936, 226, 388. 
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carbon monoxide, and deposits orange crystals of the enneacarbonyl 
Ru 2 (CO) 9 , especially in sunlight, or on warming to 50°. It reacts with 
halogens with evolution of carbon monoxide to form carbonyl halides such 
as Ru(CO)Br. 

The volatility of this compound shows that it is monomeric, and it no 
doubt has the same structure as its iron analogue Fe(CO )5 (p. 1369), with 
the five groups arranged in a trigonal bipyramid. The valency of the 
ruthenium is zero, and the E.A.N. 44+10 — 54 (krypton). 

Ruthenium Ennea-carbonyl, Ru 2 (CO) 9 , is formedby the loss of carbon 
monoxide from the pentacarbonyl at any temperature above its melting- 
point ( — 22°) and rapidly at 50°. It is best made by warming the benzene 
solution. 

It forms yellow-green crystals, very hke iron ennea-carbonyl (p. 1369) in 
appearance. In air it is stable in the cold, but it decomposes at 150°; it 
can be sublimed in carbon dioxide. It is soluble in organic solvents; it 
reacts with iodine to give Ru(CO) 2 l 2 , and nitric oxide expels the carbon 
monoxide to form the peculiar compound ruthenium pentanitrosyl 
Ru(NO) 5 , of unknown structure. 

The structure of the enneacarbonyl is no doubt the same as that of the 
iron compound, and has three CO groups on each Ru, while the two 
ruthenium atoms themselves are joined by 3 more, with the grouping 

Ru—Ru 

O 

This makes the ruthenium tetravalent and 7-covalent, with the krypton 
E.A.N. of 54. 

Ruthenium Tetracarbonyl, Ru(CO )4 ? The nature and even the composi¬ 
tion of this substance aire doubtful. It separates in small quantities as a 
by-product when the enneacarbonyl is formed from the pentacarbonyl,^^®"’ 
and also when the ennea- is treated with alkali. It is insoluble in benzene 
and ether, soluble in alcohol and acetic acid. It dissolves in aqueous acids, 
the solution in hydrochloric acid being yellow, and that in hydrobromic 
acid first green and then bluish-red. 

It is a very obscure substance, but it has some resemblances to iron 
tetracarbonyl (p. 1370). 

Ruthenium Carbonyl Halides 

Apart from one compound of uncertain composition, these are of two 
types, Ru(CO)hal and Ru(CO) 2 (hal) 2 . 

Ruthenium Monocarbonyl Bromide^ Ru(CO)Br, which is the only com¬ 
pound of the type khown, and appears to contain monovalent ruthenium, 
is made®^’ by the action of carbon monoxide on ruthenium tribromide 
under 350 atm. at 180°. It forms colourless crystals which decompose at 
W. Manchot and E. Enk, Ber. 1930, 63, 1635. 
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200° to give Ru(CO) 2 Br 2 with separation of the metal. It is insoluble in 
all solvents except aqueous acids, which decompose it. It is presumably 
polymerized, but we do not know how, or how much. 

Ruthenium Dicarbonyl Dichloride, Ru(CO) 2 Cl 2 , is made by heating 
ruthenium trichloride in carbon monoxide above 210°,^^® some phosgene 
being formed at the same time,®^® or by treating the dichloride RuCIg with 
carbon monoxide at the same temperature.®^^ It is a yellow fairly volatile 
product, insoluble in water; it reduces ammoniacal silver. Nitric oxide 
expels CO from it, presumably to form the compound Ru(NO)Cl 2 .®®^ 

Ruthenium Dicarbonyl Dibromide, Ru(CO) 2 Br 2 , is very similar to the 
dichloride. When ruthenium tribromide is heated in carbon monoxide, 
best at 280°,®^®’®®^ this compound is formed as a pale orange sublimate. It 
is insoluble in water and in all the other solvents that were tried. Nitric 
oxide expels carbon monoxide from it reversibly to give Ru(NO)Br 2 . 

Ruthenium Dicarbonyl Di-iodide, Ru(CO)2l2* This is made®®^ in the same 
way as the last, by heating up to 250° either the tri-iodide Rulg in carbon 
monoxide or the ennea-carbonyl with iodine. It is insoluble in water and 
organic solvents; it burns in oxygen to carbon dioxide, iodine, and 
ruthenium dioxide. If it is heated in carbon monoxide it is converted into 
the pentacarbonyl Ru(CO) 5 . Concentrated hydrochloric acid has hardly 
any action upon it, but nitric oxide at 180° converts it into Ru(NO)l 2 . It 
reduces ammoniacal silver solution. 

In these compounds the carbonyl group is no doubt attached as usual 
to the metal by a co-ordinate link as in Ru-^—C^O, and the halogen atoms 
covalently linked. The monomeric structure would thus be 

Br\ /CfcO 

(I) Br—Ru<-C^O (II) )Ru; 

Br" ^CtzO 

Ru monovalent. Ru divalent. 

E.A,N. of Ru 47. E.A.N. of Ru 50. 

They are probably polymerized, but presumably by the formation of links 
in which the ruthenium acts as acceptor, so that its valency is not altered, 
and is 1 in type I and 2 in type II. If so, Ru(CO)Br is perhaps the only 
isolated compound of monovalent ruthenium. 

The dihalogen compounds (type II) must be co-ordination compounds 
of the binary dihalides of ruthenium, all of which except the difluoride 

RUTHENIUM NITROSYL COMPOUNDS 

Ruthenium forms more nitrosyl compounds than any other element (more 
than 80 are given in Gmelin). With the exception of the one ‘ pure ’ nitrosyl 
described below, none of them has more than one NO in the molecule. 

W. Manchot and J. Kdnig, Ber. 1^24, 57, 2131. 

®*® W. Manchot and G. Lehmann, ib. 1930, 63, 1224. 

H. Gall and G. Lehmann, ib. 1920, 59, 2896. 

W. Manchot and H. Schmid, Z. akorg. Chem. 1934, 216, 102. 

W. Manchot and W. J. Manchot, lb. 1936, 226, 389. 
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Ruthenium ? Pentanitrosyl, Ru(N0)5. This compound®^® is made by the 
action of nitric oxide under pressure on ruthenium ennea-carbonyl 
Ru 2 (CO) 9 , the best yield being got by heating under 320 atm. for 50 hours, 
at temperatures rising from 100° to 190°. It forms red cubic crystals, 
insoluble in water, ether, or benzene, but slightly soluble in alcohol. It 
slowly loses nitric oxide in the air, especially if it is moist, and it decom¬ 
poses on warming. It is reduced by hydrogen at 220° to metallic ruthenium 
and ammonia. 

It is very difficult to purify, and though the percentage of metal is that 
required by Manchot’s formula (calcd. for Ru(NO )5 40-40 per cent., for 
Ru(NO )4 45*87, found 40*60), the nitrogen found was for some reason less 
than half the theoretical amount. It is therefore possible that the com¬ 
pound is not Ru(NO )5 (which seems impossible to formulate), but Ru(NO )4 
corresponding to Fe(NO) 4 (p. 1372), and like this a salt (NO)"^[Ru(NO)8], 
with the E.A.N. of 54. 

The other ruthenium nitrosyl compounds contain only one NO group 
in the molecule, and are of two kinds, the ‘simple’ compounds Ru(NO)X 2 
and Ru(NO)X 3 (X being a halogen or other acid radical) and the 6-covalent 
complexes derived from the complex cyanides, ammines, or halides by 
replacing one group (never more) by NO. 

Ruthenium Nitrosyl Halides 

These compounds are closely analogous to the carbonyls (p. 1483), the 
replacement of a CO by an NO involving the addition of a halogen atom 
to maintain the valency: 

Monovalent ruthenium Divalent ruthenium 

Ru(CO)hal. Ru(CO),hal,. 

Ru(NO)hal2. Ru(NO)hal2 


Dihalides 

Ru(NO)Br 2 is made from the corresponding carbonyl compound 
Ru(CO) 2 Br 2 by heating it in a stream of nitric oxide at 230° for 40 hours. 
The reaction is reversible. 

It is a dark brown powder insoluble in water and organic solvents. It 
is very resistant even to concentrated sulphuric acid; on heating it decom¬ 
poses with evolution of nitric oxide and bromine.®®^ No chloride of this 
type is known. 

Ru(NO)l 2 is made in the same way as the bromide®®^ by heating 
Ru(CO) 2 l 2 for 30-40 hours at 230° in nitric oxide, the reaction, as with the 
bromide, being reversible. It is a velvet black powder, insoluble in water, 
methyl and ethyl alcohol, and acetone, slightly soluble in chloroform. It 
is rather less stable to sulphuric acid than the bromide: it resists the dilute 
acid, but is rapidly decomposed by the concentrated acid with evolution 
of nitric oxide. 


Id., ib. 410. 


W. Manchot and H. Schmidt, ib. 1934, 216, 101. 
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These two compounds seem to be the only nitrosyl derivatives of mono¬ 
valent ruthenium. 

Trihalides 

The trichloride Ru(NO)Cl 3 , 5 II 2 O is present in the characteristic red 
solution got by fusing ruthenium with potassium hydroxide and nitrate, 
and treating the product with hydrochloric acid. It is also formed by 
evaporating a solution of ruthenium tetroxide in hydrochloric acid with a 
large excess of nitric acid,®^^ or by the action of liquid nitrogen tetroxide 
on a ruthenium trichloride solution at 0°, or from the double salt 
Na 2 [Ru(NO)Cl 5 ] by dissolving it in alcohol and letting the sodium chloride 
crystallize out. 

It forms mono clinic crystals, red in transmitted and black in reflected 
light. In a vacuum, or in air at 100°, the pentahydrate gives off 2 HgO, 
and at 120-150° it loses two more, leaving Ru(N0)Cl3,H20, a brick-red 
substance which only dissolves very slowly in water; the last molecule of 
water is only lost with partial decomposition at 360°. At 440° the com¬ 
pound decomposes with violence. 

It is easily soluble in water to give a raspberry-coloured solution which 
forms the complex salts M 2 [Ru(NO)Cl 5 ] with alkaline chlorides. Alkaline 
hydroxides and carbonates on heating precipitate from the solution the 
gelatinous trihydroxide Ru(NO)(OH) 3 . 

The bromide Ru(NO)Br 3 , 5 HgO is very similar to the chloride, and 
isomorphous with it.^^®“^ 

The iodide Ru(NO)l 3 ®^^ is made by warming the chloride with hydriodic 
acid; it is a black powder, slightly soluble in water, and forms no hydrate. 
Chlorine expels the iodine to give the trichloride. 

Ru(N 0 )(N 03)3 

This substance has not been isolated, but it is presumably present in the 
brilliant red solution produced when ruthenium nitrosyl trichloride is heated 
with excess of concentrated nitric acid, or the hydroxide Ru(NO)(OH )3 
(see below) is dissolved in this acid.^^®*^^® Dilute hydrochloric acid on 
boiling converts it into the chloride Ru(NO)Cl 3 . 

? Ruthenium Nitrosyhhydroxide, Ru(NO)(OH)3 

When alkali acts on the chloride Ru(NO)Cl 3 ®^^ or on the tetrammine 
[Ru(NH 3 ) 4 (NO)(OH)]C 1 ®^® a very unstable brownish-yellow powder is 
deposited, which is easily decomposed by heat, and gives in concentrated 
nitric acid a red solution, presumably of the trinitrate. This precipitate is 
assumed to be the trihydroxide, the base of the trihalides. 

A. Joly, C.R. 1889, 108, 854. 

Id., in M. Fremy’s Encyd. de Chim. 1900, III, 17, i. 189. 

H. Dufet, Bull. Soc. Min. 1889, 12, 471. 

968 ^ Wemer, Ber. 1907, 40, 2620. 

A. Joly, C.R. 1890, 111, 972. 
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Complex Nitrosyl Cyanides, M2[Rii(CN)g](N0)] 

These salts are the ruthenium analogues of the nitroprussides.®®® The 
sodium salt is made by heating the rutheno-cyanide Na 2 [Ru(CN) 6 ] with 
fairly strong nitric acid and evaporating to diyness. A very insoluble dark 
reddish-brown solid remains, which can only be purified by washing with 
water. It has two molecules of water of crystallization^ which are lost 
over phosphorus pentoxide. Ammonium or alkaUne sulpliides give a red 
or reddish-blue coloration, which is destroyed by excess of the reagent. 
The potassium salt K 2 [Ru(CN) 5 (NO)], 2 HgO is similar. The resemblance 
to potassium nitroprusside, also with 2 H 2 O, giving the same colour 
reaction with sulphides, discharged in the same way by excess of sulphide, 
is obvious.®®^ 

Ruthenium Nitrosyl Ammines 

These complexes have one NO group and from one to four but never 
five amine groups attached to the ruthenium. They can be classified by 
the number of amine groups present. The approximate number of known 
compounds in each class, according to Gmelin, is 

Tetrammine Triammine Diammine Monammine 

36 1 8 6 

Tetrammine Nitrosyl Compounds 
The tetrammine salts of the type of [Ru(NH 3 ) 4 (NO)(OH)]X 2 are 
made^®2“^ by treating the complex nitrosyl chlorides M 2 [Ru(NO)Cl 5 ] with 
ammonia. The corresponding aquo-compounds [Ru(NH 3 ) 4 (NO)(OH 2 )]X 3 
are evidently very unstable. They are only known with the tetrammines, 
not with the en compounds, and they decompose with the greatest ease, 
even on solution in water, going into the hydroxo-compounds: 

[Ru(NH3)4(NO)(OH2)]X3 —> [Ru(NH3)4(NO)(OH)]X2 + HX. 

The aquo-cobaltic compounds behave in the same way. 

These hydroxo-compounds are yellow and are of neutral reaction in 
solution. 

The tetrammines are essentially of two types, [RuAm 4 (N 0 )(H 20 )]X 3 
and [RuAm 4 (NO)R]X 2 . Am is usually NH3, sometimes \ en, and rarely 
anything else. R can be OH, Ci, Br, I, NO3, ^ SO 4 (for references see 
Gmelin, pp. 35, 52-3, 64, 68-9, 70, 75-7, 83 4). 

The tetrammine compounds in general are stable to alkaline hydroxides, 
but the ruthenium is precipitated as sulphide by alkaline sulphides. The 
en compounds as usual tend to be more stable than those of ammonia, 
and the NH 3 group is readily replaced by en.®®^ 

The only triammine is the salt [Ru(Ci 5 HiiN 3 )(NO)Cl 2 ]Cl®®® of the 

W. Manchot and J. Diising, Z. anorg, Chem, 1933, 212, lil. 

Id., Ber. 1930, 63, 1226. A. Joly, CM. 1888, 107, 994. 

A. Werner, Ber. 1907, 40, 2614. 

A. Werner and A. P. Smirnoff, Helv. Chim. Acta, 1920, 3, 737. 

G. T. Morgan, J.C.8. 1935, 669. 
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‘tridentate’ a, a', a"-tripyridyl molecule: this clearly makes the unstable 
triammine type possible. The salt is soluble and has 4 and 1 HgO. 

The diammines nearly always have either ethylene diamine or dipy- 
ridyl. They do not occur in the aquo form: they are all of the type 
[RuAm 2 (NO)R 3 ], and accordingly are all non-electrolytes.* Not being 
ionized they are very slightly soluble in water, and silver nitrate does not 
remove the halogen. They show, however, a readiness to undergo a 
reversible replacement of one halogen by another which is in general 
characteristic of halogen atoms covalently attached to ruthenium. 

The monammines are very few, and all contain a pyridine molecule as 
the amine, and all but one (a very unstable salt) have two oxalato-groups 
for the four R radicals. Here again no aquo-compounds are known, so 
they are all monovalent anions M[Ru py(NO)R 4 ]. 

The chloride K[Ru py(NO)Cl 4 ], which is yellowish-red, is very un¬ 
stable,®®® and is decomposed by water with the separation of potassium 
chloride. The dioxalato-salts, which are red, are much more stable®®^; the 
ammonium salt has been resolved into its optical antimers.®®® 

Complex Nitrosyl Halides 

These are all derived from the trihalides, and all have a co-ordination 
number of 6. The simple type is M 2 [Ru(NO)hal 5 ], but there are one or 
two in which two halogens are replaced by an oxalato-group. The simple 
type is formed by all three halogens chlorine, bromine, and iodine. It will 
be remembered that no complex halides of divalent ruthenium are known. 

The complex chlorides M 2 [Ru(NO)Cl 5 ] are dark red salts, giving reddish- 
violet solutions in water. The best known is the potassium salt, which 
was prepared by Claus in 1847, and possibly by Berzelius in 1828. It can 
be got by fusing ruthenium with potassium hydroxide and nitrate, and 
dissolving the product in hydrochloric acid, or by mixing very concen¬ 
trated solutions of potassium chloride and ruthenium nitrosyl trichloride 
Ru(NO)Cl 3 ®®®: or by the action of potassium nitrite on ruthenium tri¬ 
chloride solution. It forms dark red almost black crystals. It is a remark¬ 
ably stable substance especially to heat ; sol^ 12-0/25'^. Its conductivity 
in water is that of a strong tri-ionic electrolyte; on electrolysis the coloured 
ion which contains the ruthenium migrates to the anode.®®® The com¬ 
pound is not easily reduced, but hot concentrated alkaline hydroxide 
precipitates the oxide. The sodium salt readily dissolves in absolute 
alcohol, sodium chloride crystallizing out while the nitrosyl trichloride 
Ru(NO)Cl 3 remains in solution. 

The potassium rubidium and caesium salts are isomorphous. The sodium 

* For references see Gmelin: [Ru en{NO)Cl 3 ]‘’, p. 57; [Ru en(NO)l8]®, p. 71, 
[Ru dipy(NO)Br8]°, p. 67; [Ru(py) 2 (N 0 )Cl,Ca 04 ]° (oxalato-), p. 84. 

R. Charonnat, Ann. Chim. 1931, [10] 16, 201. 

Id,, C.R. 1924, 178, 1423. 

J. L. Howe, J.A.C.S. 1894, 16, 389. 
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salt forms a trihydrate; the others (K, NH4, Rb, and Cs) form dihydrates, 
in which the water is presumably attached to the anion as 

[RuCNOlCUCOH,),]" 

(the covalency maximum of ruthenium is 8). 

The complex bromides M2[Ru(NO)Br5] and iodides M2[Ru(NO)l5] are 
similar. 

The potassium oxalato-chloride, K2[Ru(N0)0x2Cl],H20, is prepared by 
treating the chloride K2[Ru(NO)Cl5] with potassium oxalate and heating. 
It forms dark red very soluble crystals, soR 47 / 20 °. On heating with 
hydrochloric acid it is converted into the pentachloride: the ruthenium is 
precipitated by hydrogen sulphide but not by potassium hydroxide. 

Silver nitrate or lead acetate give pale red precipitates of the corre¬ 
sponding complex salts, which only slowly go over into silver or lead 
chloride.**® 

The potassium oxalato-iodide, K2[Ru(NO)Oxl3], aq. This is made by 
adding potassium oxalate solution slowly to a boiling solution of the 
pentaiodide K2[Ru(NO)l5]. It forms black crystals stable in air, which 
lose their water of crystallization at 100°, and are easily soluble in water. 



OSMIUM 

Osmium resembles its predecessor in Group VIII A, ruthenium, in many 
respects, and especially in its power of assuming a large number of valency 
states. Ruthenium has 9; osmium has 6: 0, 2, 3, 4, 6, and 8. The two 
elements show a close resemblance in many respects, even in small details, 
but there is a tendency for the stability to pass from lower to higher 
valencies as we go from ruthenium to osmium (see abov^e, p. 1455). 

Metallic Osmium 

Like ruthenium, osmium is a very hard and infusible metal, not attacked 
by acids unless they are oxidizing agents. It is bluish-white in colour; it 
has a density of 22*5, and so is the heaviest of known solids. It has the 
highest melting-point of any of the platinum metals, 2,700°. 

Its most remarkable quality is its tendency (much stronger than that 
of ruthenium) to combine with oxygen to form the volatile tetroxide. The 
massive metal is stable in air in the cold, but the powder is slowly oxidized 
by air even at the ordinary temperature, and has a perceptible smell of 
the tetroxide; any dust or grease in the vessel containing the powder 
becomes covered with a black deposit of osmium dioxide formed by the 
reduction of the tetroxide. (Ruthenium is not acted on by air imtil it is 
heated, and then only forms the dioxide; the production of the tetroxide 
requires a stronger oxidizing agent than elementary oxygen.) 

Osmium and its compounds are excellent catalysts, often more effective 
than platinum, especially for hydrogenation. 

Finely powdered osmium, such as is obtained by reducing the dioxide 
at low temperatures, absorbs a large amount of hydrogen; in the compact 
form, however, the metal absorbs none, so that the action appears to be 
superficial.®®® 

DIVALENT OSMIUM 

The compounds of divalent osmium are few and nearly all complex. 
The monoxide OsO has been described, but it does not really exist. On the 
other hand, osmium (like ruthenium, p. 1461) forms a disulphide OsSg, a 
diselenide OsSeg, and a ditelluride OsTcg, which have the pyrites structure, 
and so must contain divalent osmium. 

Osmium Disulphide^ 

Numerous sulphides of osmium have been described, but the only one 
that certainly exists is the disulphide OSS 2 . The elements combine at 
temperatures above 600° with the evolution of much heat, and if excess 
of sulphur is used and the excess removed by solvents, the disulphide 
remains.®^® The vapour tensions indicate no other compound.®^^ 

••• See E. Muller and K. Schwabe, Z, phyaikal. Ghem. 1931, 154, 143; Z. Elektro- 
chem, 1929, 35, 181. 

L. Wohler, K. Ewald, and H. G. Krall, Ber, 1933, 66, 1639. 

R. Juza, Z. anorg. Chem. 1934, 219, 130. 

I. Oftedal, Z. physikaL Chem. 1928, 135, 293. 
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Osmium disulpliide is a black solid, or if prepared above 1 , 000 ° it is 
dark blue-grey.®’^ It forms cubic crystals, which have a pyrites struc¬ 
ture. On heating it dissociates into its elements, the dissociation 
tension being 490 mm. at 1,094°.^’^ It is insoluble in alkaline hydroxide 
or sulphide solutions, and in acids other than nitric, which dissolves it even 
in the cold, and when the liquid is boiled osmium tetroxide distills over. 

Osmium Diselenide arid Ditelluride 

These substances OsScg and OsTe 2 also appear to be the only compounds 
of their respective elements.®’® They are oxidized by air or nitric acid to 
osmium tetroxide, but other acids, and alkaline solutions, have no action 
on them. Like the disulphide they have a pyrites structure.®’^ 

Divalent Halides 

The dichloride OsCla is made by heating the trichloride in vacuo to 
500°976 . remaining solid is purified by boiling with dilute hydrochloric 
acid and then with water, which do not act on the dichloride. It is dark 
brown and insoluble in water; it is not acted on by hydrochloric or sul¬ 
phuric acid, but nitric acid or aqua regia slowly converts it into the 
tetroxide. 

No dibromide has been prepared in anything like purity, and the sup¬ 
posed di-iodide has not been confirmed. 

Complex Salts of Divalent Osmium 

These are relatively few; they comprise a very stable group of osmo- 
cyanides, and a sulphito-complex (and some mono-nitrosyl complex halides 
discussed later, p. 1510). 


Complex Cyanides 

These are all of the type M 4 [Os(CN)e], and so belong to the group of the 
ferrocyanides and the ruthenocyanides. 

The free acid is said to be precipitated from a solution of the potassium 
salt by hydrochloric acid in presence of ether (Claus, 1854; Martius).®’® 
The salts are numerous; the potassium salt®” K 4 [Os(CN)g], 3 HgO can be 
made by fusing the complex chloride (NH 4 ) 2 [Os*^Cl 6 ] with potassium 
cyanide, or by evaporating potassium osmate K 2 OSO 4 with potassium 
cyanide solution and igniting the residue. It forms colourless quadratic 
tables, which on heating first lose water and then decompose. Various 
other salts have been prepared. ®’®~’ 

A. K. Meisel, Z, amyrg. Chem, 1934, 219, 141. 

L. Thomassen, Z. phyaikal, Chem. 1929, B 2, 349. 

O. Ruff and E. Bomemann, Z, anorg. Chem, 1910, 65, 454. 

A. Martius, Ann, 1861, 117, 361. 

F. Kratlss and G. Schrader, J, prakt. Chem, 1928, [ii] 119, 279. 
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Sulphito-complexes 

A sulphito-compound Na 4 [ 0 s(S 03 ) 3 ], 6 HgO has been prepared®^® by 
treating the ester of osmic acid (see later, p. 1500) with sodium sulphite in 
dilute alcohol. It is blackish-brown in colour. The formation of complex 
sulphito-compounds is characteristic of osmium in various states of valency 
(divalent, tetravalent, hexavalent), and is not shared by ruthenium to 
anything like the same extent. 

TRIVALENT OSMIUM 

In the very small number of trivalent derivatives it forms, osmium is in 
strong contrast to ruthenium, of which the tri valent state is the most 
important and the richest in compounds. The derivatives are nearly all 
complex, and as with divalent osmium the only binary compound is the 
chloride OsClg; there are only two kinds of complex salts, the halides (few, 
and nearly, if not quite, all 6 -covalent) and a well-marked series of nitro- 
salts, all of the 5-covalent type M 2 [ 0 s(N 02 ) 6 ]. 

Osmium Trichloride^ OsClg 

This is formed (along with the tetrachloride) by chlorinating osmium at 
a very high temperature, and is best made®^® by decomposing the tetra¬ 
valent salt (NH 4 ) 2 [OsCle] in a stream of chlorine at 350°. It is a brown 
hygroscopic powder, which sublimes above 350°, and at 560-600° decom¬ 
poses into OSCI 4 which volatilizes away, and the dichloride OSCI 2 which 
remains behind. It is easily soluble in water and alcohol. The dark brown 
aqueous solution has a faint acid reaction, but with silver nitrate it gives 
at first a scarcely visible turbidity, which increases slowly on standing, 
and rapidly on heating, so that evidently the compound dissolves in water 
in the first instance without ionization of the chlorine. The aqueous 
solution is stable even on boiling (as is also the alcoholic) and is not attacked 
by weak reducing agents such as ferrous sulphate, sulphur dioxide, or 
formaldehyde. Alkalies and ammonia precipitate an oxide only on boiling. 
Boiling with concentrated nitric acid converts the trichloride into the 
tetroxide. 

Complex Nitro-salts, M2[0s(N02)5]®®® 

The potassium salt can be made by treating KgOsCle with excess of 
potassium nitrite. Other salts are known; they are orange, most of them 
easily soluble in water, and the aqueous solution stable for some time in the 
cold. The silver salt forms rather insoluble golden yellow crystals. There 
is a strong but not universal tendency to hydration: 


Cation 

Na K NH 4 Ag 

Mg 

Ca 

Sr 

Ba 

Zn 

Mols. of H,0 . 

2 0 2 2 

4 

4 

2 

4,1 

1/2 


R. Criegee, Ann. 1936, 622, 81. 

O. Ruff and F. Bomemann, Z. anorg, Chem. 1910, 66, 464, 
^80 Wintrebert, C.R. 1906, 140 , 686. 
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Complex Halides of Trivalent Osmium 

The only certain type of these is M3[08X6], and only the chloride has 
been obtained in the pure state. K 3 [OsCl 6 ], 0 and 3 HgO can be made®®^ 
by the action of chlorine on a mixture of osmium and potassium chloride 
at temperatures higher than those which form KgOsCl^: or from potassium 
osmiamate K[ 0 s 03 N] in solution in hydrochloric acid. It is a red-brown 
solid, very soluble in water and alcohol, and giving in water a cherry-red 
solution which very easily decomposes. 

The bromide KgOsBrg has been made, at least in solution, by the 
electrolytic reduction of KgOsBr^ in hydrobromic acid solution in an 
atmosphere of carbon dioxide. Titration of the resulting yellow-brown 
solution showed that all the osmium is reduced to the trivalent state. On 
evaporation dark red-brown octahedra separate. 

TETRAVALENT OSMIUM 

This is the valency in which osmium gives the largest number of com¬ 
pounds, and of the most diverse kinds: in this respect it corresponds to the 
trivalent state of ruthenium. The general characteristics of tetravalent 
osmium have already been described (p. 1456). For the redox potentials of 
Os^‘*—Os^'" see references 


Osmium Dioxide, OsOg 

This is the lowest oxide of osmium that has been shown to exist.®®®"® 
It is not easy to obtain it in the pure state, because in presence of water 
it readily goes over into a highly absorbent colloidal form. It can be 
made®®® by the moderated reduction of osmium tetroxide, or by treating 
K 2 [OsCl 8 ] with sodium carbonate, or probably better by heating the 
metal in nitric oxide, or in a stream of osmium tetroxide vapour.®®® 
Osmium dioxide varies considerably in properties according to the 
method of preparation, but probably does not occur in diflFerent modifica¬ 
tions.®®’ When it is made by removing water from the hydrate at a low 
temperature, it is a black pyrophoric powder; if at a high temperature it 
forms dark brown crystals, which are much less reactive. The crystal 
structure is the same as that of ruthenium dioxide (p. 1475). It is easily 
reduced by hydrogen to the metal, and (unlike RuOg) is oxidized to the 

C. Claus and Jacoby, Bull. Acad. Petersb. 1863, [iiij 6, 158; J. prakt. Chem. 
1863, 90, 78. 

W. R. Crowell, R. K. Brinton, and R. F. Evenson, J.A.G.8. 1938, 60, 1105. 

F. P. Dwyer, H. A. McKenzie, and R. S. Nyholm, Proc. R.S, New S. Wales, 
1947, 80, 183. 

F. P. Dwyer, J. E. Humpoletz, and R. S. Nyholm, ib. 242. 

O. Ruff and H. Rathsburg, Ber. 1917. 50, 484. 

L. Wdhler and L. Metz, Z. anorg. Chem. 1926, 149, 301. 

F. Krauss and G. Schrader, ib. 1928, 176, 394. 

O. Ruff and F. W. Tschirch, Ber. 1913, 46, 946. 
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tetroxide by heating in air. It is converted by hydrochloric acid into the 
corresponding (tetravalent) chloride, but the reaction 

OsOg + 6 HCl = H208Cle + 2 H 2 O 
seems to be reversible. 

Osmium dioxide forms a dihydrate OsOg, 2 This can be made 

by reducing a solution of the tetroxide, or by precipitating KgOsCle with 
alkali. It occurs as a brown powder or as blue-black crystals, but it very 
easily assumes the colloidal form, and then is very difficult to purify from 
adsorbed salts. A monohydrate also occurs. 

Halides of Tetravalent Osmium 

The binary halides OSF 4 , OSCI 4 , and OSI 4 have been made, though not 
the tetrabromide; an oxychloride which is probably 08 ( 0 H)Cl 3 is also 
known. 

Osmium Tetrajltioride, OSF4 

This compound is formed^ by the combination of metallic osmium 
with a defective supply of fluorine in a platinum apparatus at 300°. The 
tetra- hexa- and octofluorides are all formed, and the last two can then be 
distilled oif in a current of nitrogen, leaving the tetrafluoride OSF 4 behind. 

Osmium tetrafluoride is a black non-volatile substance. It dissolves 
readily in water with a certain amount of hydrolysis, accompanied pre¬ 
sumably by the formation of some of the hexafluoro-acid HgOsFe, the 
sodium salt of which can be obtained by adding hydrofluoric acid and 
sodium fluoride to the solution and evaporating. 

Osmium Tetrachloride, OSCI4 

This is made^^® by the action of chlorine on metallic osmium at 650-700°. 
It forms black crusts which on heating in a vacuum or in chlorine subhme 
away without residue. It is apparently insoluble in all ordinary solvents, 
except oxidizing acids like nitric. With water it only dissolves slowly as it 
reacts; the products of the reaction are obscure, but they certainly do not 
include hypochlorous acid, which is formed under these conditions by 
iridium tetrachloride; the ultimate product is the dioxide OsOg. 

Osmium Tetraiodide, OSI4 

This compound is made®^^"^ by evaporating a solution of the hydrated 
dioxide in hydriodic acid. It forms violet-black octahedra with a metallic 
glance. It is very hygroscopic, and gives with water a brown solution, 
which is stable in the cold, but evolves hydrogen iodide on warming. It is 
remarkable that the tetrafluoride and tetraiodide are very soluble in water, 
while the tetrachloride is practically insoluble. 

O. Buff and F. W. Tschirch, B&r. 1913, 46, 929. 

O. Buff and F. Bomemann, Z. antyrg. Chem, 1910, 65, 446. 

H. Moraht and C. Wischin, ib. 1893, 3, 174. 

A. Bosenheim and E. Sasserath, ib. 1899, 21, 122. 
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Tetravalent Complexes 

Oxychloride of Tetravalent Osmium^ Os(OH)Cl 3 ®®^ 

The vapour of osmium tetroxide is passed into hydrochloric acid of 
density 1 • 17: on evaporation and cooling a very deliquescent mass of brown 
needles is obtained. These could not be purified for analysis, but it was 
shown that the osmium was tetravalent, that the ratio Os: Cl was approxi¬ 
mately 1:3, and that the crystals on heating give off water. Hence the 
formula is very probable, especially as the compound with alkahne 
chlorides or bromides gives M 2 [Os(OH)Cl 5 ] or —Br 5 ], and with HCl or 
HBr, HgOsCls or HgOsBr® and their salts. 


COMPLEXES OF TETRAVALENT OSMIUM 

Hexammines 

Nearly all the numerous complex salts of osmium in all its valencies 
have the osmium in the anion: the element has a much stronger tendency 
to combine in its complexes with acid radicals like the halogens than with 
neutral molecules hke ammonia. Complexes with osmium in the cation 
include a series of tetrammine derivatives of hexavalent osmium of the 
curious type [ 0802 (NH 3 ) 4 ]X 2 , and one or two compoimds of the tetravalent 
element. Also a thiourea derivative of the composition 

[Os(CS(NH 2 ) 2 )e]Cl 4 , 4H2O 

can be made by heating a solution of Na 2 [OsCl 6 ] with thiourea: the solution 
turns brilliant red, and after cooling and adding hydrochloric acid and an 
alkaline chloride this compound separates in brown tables. They are 
readily soluble in water, giving a solution of so deep a red that it will 
detect osmium tetroxide or tetrachloride in a dilution of 1 in 100 , 000 . 

The formulation of this compound as the chloride of a tetravalent base 
is supported by the high conductivity of the aqueous solution, and the fact 
that its freezing-points indicate a value of 3-6 to 4-0 for the van ’t Hoff 
factor 

Complex Acids of Tetravalent Osmium 

These are very numerous. The complex ions are all divalent, probably 
all 6 -covalent, and all have as their chief acidic constituent either sulphite- 
groups, or halogen atoms, or both. As with ruthenium (p. 1464) the SO 3 
groups can occupy either one place on the osmium (open-chain) as 


Os— 

Os/^O. 

In these salts the covalency is probably 6 , but it may be 8 ; in the absence 


or two (chelate) as 


»•» H. R^my, J. prakt. Chem, 1921, [2] 101 , 341. 

F. Krauss and D. Wilken, Z. anorg, Chem, 1924, 137 , 352. 
L. Tschugaev, ib. 1925, 148 , 65. 

T t 
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Group VIII. Tetravalent Osmium 

of X-ray data we cannot distinguish between the two, or say, for example, 
whether the osmium in M^ 0 s(S 03)5 has a covalency of 6 , with one chelate 
and 4 open-chain SO 3 groups, or of 8 , with 3 and 2. 

Type M8[0s(S03)e]i«« 

The sodium salt, with 8 and 3 HgO, is made by allowing the osmyl 
compound Na 3 [ 0 s 02 (S 03 ) 4 ], SHgO to stand with sodium bisulphite solu¬ 
tion for weeks. It forms brown crystals, very slightly soluble in water, 
which decompose on boiling with concentrated hydrochloric acid. The 
potassium salt, which is strictly an acid salt, KeH 2 [ 0 s(S 03 ) 6 ], 2 HgO, is 
similar. 

Type Me[08(S03)5lioo2 

The sodium salt, Na 6 [ 0 s(S 03 ) 5 ], 5 H 2 O, is made in the same way, but 
by prolonged heating; the pots/ssium salt (also with 5 HgO, perhaps one 
HgO to each SO3) has been made by heating KgOsCl^, with potassium 
sulphite. It is a colourless powder (the sulphite complexes of osmium seem 
to be usually colourless, and the halides deeply coloured) which is decom¬ 
posed by HCl. 

Ty^)eM,[08CI(S03)6]^“* 

The sodium salt (6 HjO) is made from NagOsCl* and sodium sulphite in 
water at 60°. It is pale violet: its solution decomposes on boiling. 

Type M 8 [ 08 Cl 3 (S 03 ) 4 ]^»“ 

The sodium salt (10 H 2 O) is made in the same way, but at a lower 
temperature and more slowly; it is brownish purple. 

Type M8[OsCl4(S03)Jioi8 

The potassium salt is made in the same way as the sodium salts described 
above, but with potassium hydrogen sulphite, and at the ordinary tempera- 

••• J. D. McCullough. Z. KriaL 1936, 94, 143. 

F. Puche, CM. 1936, 202, 1286. 

••• R. Gilchrist, Bur. Stand. J. Res. 1932, 9, 282. 

••• O. RufF and F. W. Tschirch, Ber. 1913, 46, 932. 

1000 L Wintirebert, Ann. Ckim. Phys. 1903, [vii] 28, 68. 

F. Krauss and D, Wilken, Z. anorg. Chem. 1924, 137, 360. 

100 s Rosenheim and E. A. Sasserath, ib. 1899, 21, 132. 

1008 A Gutbier and K, Maisch, Ber. 1910, 43, 3236. 

A. Gutbier and P. Walbinger, ib. 1911, 44, 309. 

A. Gutbier and L. Mehler, Z. anorg. Chem. 1914, 89, 333. 

A. Gutbier and K. Maisch, Ber. 1909, 42, 4240. 

A. Gutbier, N. Pfanner, and O. Edelhauser, ib. 1913, 46, 2098. 

1008 w. Cromwell and H. L. Baumbach, J.A.C.S. 1936, 57, 2607. 

A. Gutbier, L. Mehler, N. Pfeuiner, and O. Edelhauser, Z. anorg, Chem. 1914, 
89, 313. 

L. Wiiitrebert, Ann. Chim. Phys. 1903, [vii] 28, 133. 

H. D&hlmann, Diss., Braunschweig, 1932, p. 22. 

i®i» L. Briwd, C.R. 1896, 123, 182; Ann. Chim. Phys. 1900, [vii] 21, 376. 

^®” A. Rosejiheim, Z. anorg. Chem, 1900, 24, 420. 
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ture. On heating with hydrochloric acid it is reconverted into KgOsCl^. 
It is clear that these chloro-sulphites are the successive products of the 
replacement of chlorine in the hexachlorides by SO 3; this might be used 
as evidence in favour of the open-chain position of the SO3. 

COMPLEX HALIDES 

These are especially numerous: they include the types M 2 [OsF 3 ], 
M2[OsCl3], M2[OsBre], M2[OsI«], M2[OsCl6Br], MsCOsCIaBra], M2[Os(OH)Cl5], 
M2[08(0H)Cl3Br2], M2[Os(NH2)Cl6]. 

Hexafluorides^ M2[OsF3] 

The potassium salt can be made®®® by the careful evaporation of a 
solution of osmium tetrafluoride in hydrofluoric acid which has been 
neutralized by potassium hydroxide. It forms yellow regular crystals. 

Hexachlorides, 

The free acid H2[0sCle], aq. no doubt occurs in solution, and has prob¬ 
ably been got in the solid state. Gilchrist®®® found that when the pale 
yellow solution of osmium tetrachloride in 20 per cent, hydrochloric acid 
is boiled, it first turns brown and then red. On evaporation a crystalline 
mass remains which is probably (though it was not analysed) the free 
acid. On treatment with ammonium chloride it gives the ammonium salt 
(NH4)2[OsCle]. 

A variety of salts of the acid are known. The potassium salt can be 
made^®®^^ by heating a mixture of osmium and potassium chloride in 
chlorine, or by adding potassium chloride and alcohol (as a reducing agent) 
to a solution of osmium tetroxide. It is a red salt, stable in air; on heating 
it begins to lose chlorine at 600°, the dissociation tension reaching one 
atmosphere at 856°; the ultimate products are chlorine, metallic osmium, 
and potassium chloride. The anhydrous sodium salt^®®® is dark red, but it 
forms an orange dihydrate. The ammonium salt (dried at 140-160° in a 
stream of nitrogen) has been used for determining the atomic weight of 
osmium.®®® In general the salts are all brownish-red, and give orange 
solutions in water. ®®^ The caesium salt is the least soluble of the alkaline 
salts [salt of strong acid]. 

Hexabromides, 

Gilchrist®®® has obtained a crystalline mass which appears to be the free 
acid by the method used for the chloride. The salts are numerous, and 

101 * O. Ruff and F. W. Techirch, Ber. 1913, 46, 929. 

W. Biltz and H. Ehrhom, Z. anorg. Chem, 1939, 240, 117. 

low W. Gibbs, Am. Chem. J. 1881, 3, 238. 

101’ A. Rosenheim and E. A. Sewserath, Z. anorg. Chem. 1899, 21, 139, 

1018 A. Werner and K. Dinklage, Ber. 1901, 34, 2702. 

1010 L. Wintrebert, Ann. Chim. Pkys. 1903, [vii] 28, 64, 86. 

1000 Id., ib. pp. 76, 114. 

ion A. Werner and K. Dinklage, Ber. 1906, 39, 500. 

100* A. Gutbier, ib. 1913, 46, 2101. 
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exactly similar to the chlorides except in colour: the bromides are darker, 
the solids being usually black and the aqueous solutions dark purple. 

The hexachlorides and hexabromides have the same crystal structure as 
the corresponding platinichlorides with which they are isomorphous.®®® 

Hexa 4 odides^ M2[OsIg] 

The potassium salt of the acid was obtained^®^® by the action of hydriodic 
acid on K 2 [ 0 s 03 (N 02 ) 2 ], a reaction which involves reduction as well as 
substitution. It forms blackish-violet octahedra, rather slightly soluble 
in water, but more so than the hexachloride or hexabromide. The solu¬ 
tion is violet, and soon decomposes on warming, even if it contains excess 
of hydriodic acid. The ammonium salt (blue-black octahedra) is similar. 

The mixed halide types M 2 [OsCl 5 Br]^®®^ and M 2 [OsCl 3 Br 3 ]^®®^»^®^^ are 
also similar. 

Hydroxy- and Amino-halides 

These complex acids can have one (but only one) of the six halogens 
replaced by a hydroxyl, or by an NHg group. The products seem little 
if at all less stable than the hexahalides, but fewer salts are known. (The 
corresponding ruthenium compounds M 2 [Ru(OH)Cl 5 ] and M 2 [Ru(OH)Br 6 ] 
are known (p. 1478).) 

Hydroxy-chloridesj M2[Os( OH)Cl5] 

These salts are made^®®^ by adding the alkaline chloride to a feebly acid 
solution of the oxychloride Os(OH)Cl 3 ; they are red in colour. They are 
not very stable, and usually cannot be recrystallized from water without 
decomposition. The salts include a silver salt^®^^ which forms greenish- 
black insoluble crystals. 

Hydroxy-bromides^ M2[Os(OH)Br5] 

The only known example^®^^ is the salt (CH 3 -NH 8 ) 2 [Os(OH)Br 5 ], made 
from methyl-ammonium bromide and the oxybromide Os(OH)Br8; it 
forms pale brown needles. 

Hydroxy-cfdorohromideSy M2[ 08 ( OH) ClgBrg] 

The methylammonium salt of this mixed oxyacid was made by 
Kjauss^®®^ by treating the oxychloride Os(OH)Cl 3 with methylammonium 
bromide. It forms pale pink plates, which are easily soluble in water, and 
slightly soluble in alcohol. 

Aminochloride^ K2[Os(NH2)Cl5] 

This, the only known salt, is made^®^^ by reducing potassium osmiamate 
K[ 0 s 03 N] with stannous chloride at 60®; deep yellow octahedra, stable 
up to 110®, and moderately soluble in water to give a greenish-brown 
solution, which slowly hydrolyses. 
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HEXAVALENT OSMIUM 

This is the next most important valency of osmium after that of 4 (see 
p. 1457). There are two binary compounds, the hexafluoride and the 
diphosphide, and a considerable number of complex salts, all of which are 
in some sense derivatives of osmic acid H 2 OSO 4 . 

Osmium Hexafluoride, OsFg 

This is made along with the tetra- and octofluorides by the combination 
of its elements at about 250^.^^^^ (For details see the octofluoride, p. 1505.) 
If the resulting solid is distilled in dry nitrogen at 50° and 20 mm., the 
octofluoride evaporates away, and the hexafluoride is just able to sublime 
a short distance, while the tetrafluoride remains behind. 

Osmium hexafluoride is a pale green crystalline substance, which melts 
between 50° and 120° (all transparent vessels are attacked by it), and boils 
at 202-205°. It is very hygroscopic, and is at once decomposed by water 
into osmium dioxide, osmium tetroxide, and hydrogen fluoride. 

Osmium Diphosphide, 

The study of the system osmium-phosphorus at temperatures from 500° 
to 1,000° shows that the elements begin to combine above 500°, and that 
the diphosphide OsPg is the only compound formed. 

Osmium diphosphide is a grey-black powder, which decomposes into its 
elements in vacuo at 1 , 000 °. It is stable to air and to aqueous acid or 
alkaline solutions, but it dissolves in alkali on fusion. Its structure, and 
hence the valency of the osmium in it, are unknown. 

Complexes of Hexavalent Osmium 

These include the osmates M 2 OSO 4 (if we call these complex) and the 
chloro-osmates M 2 [ 0 s 02 Cl 4 ] to both of which there are ruthenium ana¬ 
logues ; but the rest of the rather numerous hexavalent osmium complexes 
belong to types that are peculiar to osmium: they are not formed by 
hexavalent ruthenium, and hexavalent iridium forms no complexes, while 
hexavalent rhodium does not exist at all. The hexavalent osmium com¬ 
plexes are of four types; 

1 . Osmic acid and the osmates M 2 OSO 4 . 

2 . The osmyl (OSO 2 ) complexes: these include the ammines 

[0802(NH3)4]X„ 

the cyanides M 2 [ 0 s 02 (CN) 4 ], and the substituted osmates M 2 [ 0 s 02 X 4 ], 
where X = Cl, Br, NO 2 , ^Ox, SOgNa. 

3 . The oxy-osmyl (OsOs) salts M 2 [ 0 s 03 X 2 ], where X = Cl, Br, NO 2 , ^Ox. 

4. The nitrilohalides M[OsN(hal) 4 ] and M 2 [OsN(hal) 5 ]. 

Osmates, M2[0s04] 

These salts can be made^^^a fusing osmium with potassium hydroxide 
(best with the addition of potassium nitrate), or by reducing osmium 
1023 K. Miiller, Z, Elektrochem, 1922, 28, 307. 
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tetroxide in alkaline solution with alcohol or potassium nitrite. The 
alkaline salts are red or brown, and are easily soluble in water to give a 
red solution, but insoluble in alcohol or ether. The dry salts are stable 
in the cold, but when heated in air they form osmium tetroxide; when wet 
or in solution they decompose. The aqueous solution slowly absorbs 
oxygen from the air, no doubt to give osmium tetroxide or a derivative. 
The osmates are less stable than the corresponding ruthenates, mainly on 
account of the greater stability of the octovalent state with osmium. 

Werner suggested^ that the dihydrate of the potassium salt should be 
written K2H4[OsOe], on the analogy of telluric acid He[TeOe], but accord¬ 
ing to Patry^®^® X-ray analysis shows that the crystal lattices of the salts 
K2O8O4, 2 HgO and K2Te04, 2 HoO are different. 

Cyclic osmic esters of the form 


R2a-0\ 

RjC— 0/ 


OsO,, 


and even dicyclic esters like 


R2(>-0\ 

I ^ 

II2C-O/ 


Os: 


0 ~CRo 

I , 

0—CR 2 


can be made^®^®"^® by the action of osmium tetroxide in ethereal solu¬ 
tion on unsaturated hydrocarbons such as indene (brown crystals) and 
dihydronaphthalene (olive-green crystals). When these compounds are 
warmed with sodium chlorate they are hydrolysed to the corresponding 
diols (glycols) with the re-formation of the osmium tetroxide. This would 
appear to be the explanation of the effect of a small quantity of the 
tetroxide in causing the conversion of unsaturated hydrocarbons into 
diols by sodium chlorate.^®^^*^®^®*^®^^ There must, however, be a more 

A. Weraer, Neuere Ansch. 1923, p. 110. 

1016 p Klrauss and G. Schrader, J. prakt. Chem. 1928, [2] 120, 36. 

J. Verhulst, BuU. Soc. Chim. Beige, 1933, 42, 359. See also Strukturbericht, 
Bd. Ill, 1933/5, p. 507. 

J. L. Hoard and J. D. Grenko, Z. Krist. 1934, 87, 100. 

M. Patry, C.R. 1936, 202, 1517. 

R. Criegee, Ann, 1936, 522, 75. 

1030 ^ z angew. Chew,. 1938, 51, 519. 

K. A. Hofmann, Ber. 1912, 45, 3329; K. A. Hofmann, O. Ehrhardt, and 
O. Schneider, ib. 1913, 46, 1657. 

1031 Criegee, B. Marchand, and H. Wannovius, Ann, 1942, 550, 99. 

1038 Walden, Z. anorg. Chem, 1910, 68, 315. 

K. A. Hofmann, Ber, 1912, 45, 3329. 

1016 Hofmajin, O. Ehrhardt, and O. Schneider, ib. 1913, 46, 1657. 

J. Boeseken, Rec, Trav, 1922, 41, 201. 

1087 Wartenberg, Ann, 1924, 440, 102. 

F. Krauss and D. Wilken, Z. anorg, Chem, 1925, 145, 151. 

E. Fritzmann, ib. 1927, 163, 165. 

I®*® D. M. Yost and R. J. White, J.A.C.S, 1928,.50, 81. 

E. Ogawa, Bull, Soc, Japan, 1931, 6, 320. 
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general cause than this, since the oxidation potential of a ^potassium 
chlorate solution is definitely raised by adding a trace of osmium 
tetroxide.^®^^’^®^^"® Recently it has been shown^®®^ that the tetroxide 
reacts with potassium or caesium hydroxide in methyl alcohol to give the 
tetramethyl osmate (M 0 ) 20 s ^*(0 * 0113 ) 4 , which is converted by warm 
acetic acid into the acetate MO •0s^^0(0 *CO * 0113 ) 3 . 

Osmyl Complexes 

These all contain the osmyl group OsOg. Apart from one remarkable 
tetrammine (below) they all have this group in a complex anion, nearly 
always of the type M 2 [ 0 s 02 X 4 ]. 

Cyano-osmyl Salts^ M2[0s02(CN)4]^®^^ 

The potassium salt is made by the action of potassium cyanide on 
osmium tetroxide. The complex is remarkably stable: it is not decom¬ 
posed by hydrochloric or sulphuric acid, even on boiling; the excess of 
potassium cyanide is decomposed by this treatment, but the complex ion 
remains unchanged. 

Nitro-osmyl SaltSy M2[0s02(N02)4]^^^ 

The potassium salt can be got by passing nitric oxide into a solution of 
osmium tetroxide and potassium nitrite, or by the action of the nitrite on 
potassium osmate. It forms orange prisms, which are unstable; the solu¬ 
tion soon decomposes, and even the dry salt blackens in a few days.^®^® 

Tetrammines [0s02(NH3)4]X2 

The oxalate of this tetrammine is formed^by the action of 
ammonium oxalate on potassium osmate. It forms yellow-orange crystals, 
moderately soluble in water. 

Sulphito-osmyl SaltSy Me[0s02(803)4] 

These salts'®^^*^®®® appear at first sight to be different in type from the 
rest, but they can be written in the same form as M 2 [ 0 s 02 (S 03 M) 4 ], which 
is only a way of expressing that the sulphite groups are attached to the 
central atom by one valency only. The sodium salt ( + 5 HgO) can be got 
by the action of sulphur dioxide on osmium tetroxide in alkaline solution. 
It forms brownish crystals, fairly soluble in water at 50®; they cannot, 
however, be recrystallized from water as the solution at once begins to 
decompose. 

Oxalato-osmyl SaltSy M2[0s020x2]^*^ 

Numerous salts of this t 3 pe have been made. In the dry state they are 
stable up to 170® or above, but in water they soon decompose. The sodium 

H. D. Kirschmann and W. R. Crowell, J.A.C,S. 1933, 55, 488. 

1®®* A. Langseth and B. Qviller, Z, physikal. Chem. 1934, B 27, 79. 

^®*^ L. O. Brockway, Rev. Mod. Phya, 1936, 8, 260. 
i®« R. Criegee, Ann. 1936, 522, 76. 
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salt is made by heating a solution of osmium tetroxide in sodium oxalate 
for 40 hours under reflux; it forms greenish-red dichroic crystals, soF 7 at 
ordinary temperature. The potassium salt is similar but less soluble, 
soF 0-75/15°. The salts of the alkaline earths seem to be especially unstable 
in solution. The silver salt is stable when dry, and can be heated alone 
or in hydrogen to 160° without decomposition. 

Chloro-osmyl Salts, 

The potassium salt (2 and 0 HgO) is made by the action of hydrochloric 
acid on osrayl or oxy-osmyl salts, or on potassium osmate.^®^® It forms 
garnet-coloured crystals easily soluble in water and fairly stable when dry. 
The ammonium salt is obtained from this, and is isomorphous with it, but 
is rather less soluble. 

It has been shown^^^? crystal lattice of the potassium salt 

closely resembles that of potassium chloroplatinate, so that presumably 
the osmium in the anion is 6-covalent and octahedral. 

The potassium and ammonium bromo-osmyl salts M2[0s02Br4]^”^^ are 
similar, but are difficult to prepare. If too little hydrobromic acid is used 
the oxy-osmyl bromide M2[0803Br2] is formed, and if too much, the hexa- 
brom|de M2[OsBre]. 


Oxy-osmyl Complexes^^ 

These are derived from the osmyl salts by replacing two acid radicals 
by one oxygen, and so are of the general type M2[0s02-0-X2], where X 
can be chlorine, bromine, NOg, or half an oxalate radical. Only a few of 
these salts have been prepared^. their structure is unknown. The halides 
are made from the nitro-compounds by treatment with hydrogen halide; 
with more of this the osmyl tetrahalide M2[0s02(hal)4] is formed. 

The ammonium salt of the chloro-acid (NH4)2[0802 • 0 • CI2] is a yellow 
powder, stable up to 150°, which is very slightly soluble in water; the 
bromo-salt is similar. The nitro-salts seem to be the most stable members 
of this group; the potassium salt K2[0s02*0(N02)2], 3 and 0 H2O, can 
be made by the action of potassium nitrite on a solution of osmium 
tetroxide, or from the tetranitro-osmyl salt K2[0s02(N02)4] and potassium 
osmate. It forms brown slightly soluble crystals, and decomposes slowly 
in solution. Hydrochloric acid converts it successively into 

lyOsOg-O-Cy, KgLOsOgCy, and K2[08Cl6]; 

hydrobromic acid behaves in the same way. The other salts, which are 
yellow or brown, are very similar. They hydrate strongly: K, 3 H2O; 
Sr 3 HgO; Ba 4 H2O; Ag HgO. 

The oxalato-derivative K2[0s02‘0-C204], 2 H2O was made by letting 
the tetroxide stand in potassium oxalate solution for months in the cold. 
It decomposes at 125° and is very slightly soltible in water. 
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N itrilo-Salts 
N itrilo-halides 

These singular compounds were discovered by Werner.^®^®*^®^^ They 
are of two tjrpes, M[OsN(hal) 4 ] and M 2 [OsN(hal) 5 ]. They are thus the 
complex halides derived from the unknown compound OsN(hal) 3 , which 
must be supposed to contain hexavalent osmium. They are made by treat¬ 
ing the octovalent osmiamate M[ 0 s 03 N] with hydrogen halide, which 
both substitutes and reduces, the free halogen being evolved. 

The only known tetrahalide salt K[OsNBr 4 ], 2 separates in 

ruby-red crystals when K[ 0 s 03 N] is treated with hydrobromic acid in the 
cold, bromine being evolved. It is excessively soluble in water to give a 
cherry-red solution, which rapidly decomposes by itself, but is quite stable 
in presence of excess of hydrobromic acid. When it is boiled with an alka¬ 
line hydroxide no ammonia is evolved. 

The nitrilo-peniachlorides are better known. Werner and Dinklage 
showed^ that the red crystalline sohd produced with evolution of 
chlorine when an osmiamate is treated with hydrochloric acid has the 
composition M 2 [OsNCl 5 ]; they called it nitrilopentachloro-osmate. The 
yield is increased by adding potassium chloride, as required by the equation 

K[0s 03N] -f KCl + 6 HCl = 3 H 2 O -f Clg + K2[08NCl5]. 

The other salts were obtained from this. They are red crystalline sub¬ 
stances, and are fairly stable when dry; in water they give red solutions 
which soon decompose, especially if they are warmed, with the separation 
of a black precipitate, but they do not evolve ammonia even when boiled 
with sodium hydroxide. They are more stable in presence of acid; the 
crystal lattice is of the CH type.^^^e structure may be 



Pen tabromo-nitrilo-salts 

These salts, M 2 [OsNBr 5 ], were made^®^^ by adding the alkaline bromide 
in suitable excess to the mother liquor from the formation of the tetra- 
bromo-potassium salt in the reaction described above. An ammonium 
salt (+1 H 2 O), a rubidium salt (anhydrous), and an acid caesium salt 
Cs 3 H[OsNBr 5]2 were prepared. They are all red or brown solids, giving 
red solutions in water which soon decompose. 

OCTOVALENT OSMIUM 

Fob the general characteristics of this, the group valency, see p. 1458; 
its greater stability in osmium than in ruthenium is very marked. 

Osmium TetroxidCy OSO4 

Osmium tetroxide, OSO 4 , is the usual product of the oxidation of metallic 
osmium and many of its compounds by atmospheric air and other oxidizing 
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agents; the ease with which it sublimes from the osmium-iridium alloy 
when that is heated in air is very important for the isolation of osmium. 
It is most easily prepared by heating metallic osmium to redness in air. 

It is a colourless or yellow solid, melting at about 40® and boiling at 
about 130°; the best values seem to be 



M. pt. 

B. pt. 

V. Wartenberg® 

, , 

40-6® 

129^ 

Krauss* 

, 

39-5° 

134° 

Ogawa® 

• 

40-6° 

131-2° 


^ _ 10S7^ 5 „ 1088^ ^ _ 1041^ 


The critical temperature is 404-8°^®^’*^®^^: the Trouton constant 21-5^®*^: 
the parachor 157-7.i®^^ The substance has been said^®®® to occur (like 
ruthenium tetroxide) in two modifications, but this is improbable.The 
vapour has a characteristic and penetrating smell (which has given its 
name to the element) and attacks the lungs and throat. 

Osmium tetroxide has a normal molecular weight in the vapour at 246° 
and 286° (Deville), and in solution in phosphorus oxychloride from the 
freezing-point (Walden).^®®® In benzene solution the dipole moment is 
practically zero,^^® as the volatility would lead us to expect. Electron 
diffraction measurements^ showed that the 4 oxygen atoms are tetra- 
hedrally arranged round the osmium, which is supported by the absorption 
spectrum and the Raman spectrum,and that the Os— 0 distance is 
1*66±0*05 A. This distance is remarkably short. The theory for Os— 0 
is about 2*04; the observed length is about that to be expected for a triple 
Os^O link, but as we saw with ruthenium tetroxide there is no reason 
to expect the occurence of more than double links in these tetroxides. 
Osmium tetroxide is diamagnetic (Faraday) and its electrical conductivity 
in the liquid state is less than 10”^^. 

It behaves as a normal non-associated substance (or nearly so) in solu¬ 
tion both in water and in carbon tetrachloride; the partition between 
these two solvents does not vary more than 50 per cent, for large changes 
in concentration.It is very soluble, especially in non-associated 
solvents; at 25° the soF is in water 7-24 and in carbon tetrachloride 375.^®*® 
Its solubilities are like those of an organic hydroxy-compound such as 
phenol, and it can be salted out of its aqueous solution by inorganic salts. 
The vapour pressure of the carbon tetrachloride solution does not indicate 
any serious degree of association. 

The aqueous solution^®®® is neutral to litmus, but the oxide in it certainly 
behaves as an acid, though a very weak one. This is shown by the electrical 
conductivity, which is perceptible, though not much greater than that of 
water, and also by the effect of alkalies upon the solution. The value^®^® of 
the partition coefficient CCl 4 /water is cut down from 12 in pure water to 
3*8 in 0*028 normal alkali, and to 2*12 in OrOO-normal. This shows that it 
L. H. Anderson and D. M. Yost, J.A.C.S. 1938, 60, 1822. 
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is being held back by the alkali, and indicates that if we assume the acid 
to be HgOsOs, its first dissociation constant must be 8 x 10"^^, much smaller 
even than the second dissociation constant of carbonic acid, which is 
6x 10~^\ so that it is not surprising that the acidic character of the solu¬ 
tion was at first overlooked; this constant implies that a salt NaHOsOs 
would be some 30 per cent, hydrolysed in decinormal solution. Strong 
alkalies should be able to form definite salts with the solution, and it has 
been found that when alkali is added to the solution it turns yellow, and if 
it is concentrated enough salts such as K 2 [ 0 s 04 ( 0 H) 2 ] (p. 1509) can be 
isolated. 

Osmium tetroxide is a strong but not violent oxidizing agent. It 
oxidizes hydrochloric acid of a density greater than 1*6, with the forma¬ 
tion of chlorine and H 2 [OsCl 6 ], the osmyl halides being intermediate 
products; but a more dilute hydrochloric acid does not reduce it though it 
reduces ruthenium tetroxide, showing that the osmium compound is the 
more stable, as we should expect. The reaction is reversible. Hydro- 
bromic acid behaves in the same way; see references io4i-2,i046 

Osmium tetroxide will also oxidize organic substances, being itself 
reduced to the dioxide OSO 2 , aq., or even to the metal; hence its use in 
biology as a stain. In organic oxidations it has the advantage that it 
does not cause substitutions, as nitric acid and the halogens are liable 
to do. 


Osminm Octofluoride^ OsFg 

This is produced^ ^ along with the tetra- and hexafluorides, by the 
action of fluorine gas on heated osmium, the apparatus being made of 
platinum. With an active osmium powder and plenty of fluorine at 250®, 
the only products are the hexa- and the octofluoride^®^®; the latter (about 
35 per cent.) is then distilled off and condensed in solid carbon dioxide and 
alcohol, or in liquid air. 

Osmium octofluoride forms fine yellow needles, which melt at 34-4® to 
a yellowish-red liquid boiling at 47*5®^®^’; the density of the solid at —183® 
is 3-87, giving a molecular volume of 88-7^®^®; the Trouton constant is 22*1. 
The vapour density at 100® is that of OsFg within 3 per cent. The vapour 
begins to decompose into fluorine and a lower fluoride above 225®, but no 
considerable decomposition occurs below 400®. 

The vapour is colourless, has a peculiar and characteristic smell, fumes 
in air, and attacks the eyes and nose violently. It has no action on platinum, 
gold, silver, or copper except on heating; with most metals it reacts in the 
cold, for example with magnesium, aluminium, chromium, manganese, 
iron, nickel, zinc, and mercury, and still more readily with phosphorus, 
arsenic, antimony, and lead; it also attacks warm glass with evolution of 
silicon tetrafluoride. In water it gives a colourless solution, which, how¬ 
ever, has lost the octofluoride smell, and only smells of the tetroxide, so 
that presumably it is more or less completely hydrolysed. In sodium 
hydroxide solution osmium octofluoride gives the characteristic yellow- 
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red colour of the * perosmates such as M 2 [OsQ 4 (OH) 2 ] (s 66 later, 
p. 1509). 

Osmium octofluoride has a very remarkable reaption with alkaline 
fluorides^ ; they combine with it with unusual ease to form a salt-like 
addition product which can also be obtained by passing fluorine over a 
heated mixture of osmium powder and the alkaline fluoride. This addition 
compound is so stable that in the preparation of the octofluoride the 
product must be kept out of contact with alkaline fluorides, which would 
hold it back; it is also much less easily reduced by alcohol or hydrazine 
hydrate than the octofluoride itself. The sodium compound is a white 
substance which when treated with sodium hydroxide solution evolves 
ozone and forms a greenish-yellow solution. Unfortunately these addition 
compounds have not been analysed.^ 

[Osmium Tetrasulphide, OSS4 

Berzelius and others claimed that this is formed by the action of hydrogen 
sulphide on osmium tetroxide. But recent work^®^® indicates that the 
product is of uncertain composition, and contains oxygen.] 

Structures of Osmium Tetroxide and Octofluoride 

The tetroxide is shown by electron diffraction to have a tetrahedral 
structure with remarkably short links from the osmium to the oxygen. 
These links might be either single co-ordinate links or double links: if they 
are all of one kind we have the two alternative structures 


Atomic structure 
of Os 


O 

t 

O^-Os-^O 

I 

0 


0 

II 

0 = 08=0 


0 


2.8.18.32.8.8 2.8.18.32.8.16 


The absence of a volatile tetroxide of iron might be used to support the 
second formula, on the ground that ruthenium and osmium, but not iron, 
can have covalencies of 8 ; more probably, however, the absence of Fe 04 
is due to the instability of this highest valency with the lighter element, and 
the tetroxide is a resonance hybrid of the two forms, the shortness of the 
link indicating, as with ruthenium (p. 1482), that the doubly bonded form 
predominates. 

In either case the core is the same, having a pseudo-inert-gas form like 
that of the central atom in all the XO 4 ions of A elements in their group 
valency, such as the zirconates, tantalates, tungstates, permanganates, 
and perrhenates; the electro valency, which is always equal to 8 minus the 

O. Ruff and F. W. Tschirch, Ber. 1913, 46, 929. 

1048 p Henkel and W. Klemm, Z, anorg. Chem. 1935, 222, 67, 

R. Juza, Z. anorg, Chem, 1934, 219, 137, 
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group number, has fallen to zero, and the RuO^ and OsO^ molecules are 
uncharged, giving us the series 

Group 4 6 6 7 8 

ZrOr TaO; WOI MuO; Ru04‘^ 

ReOi OsO^® 

With the octofluoride the question is whether the osmium is covalently- 
saturated. The covalency rule gives 8 as the maximum covalency for 
elements after the end of the first long period; but there always is a possi¬ 
bility that a further increase to 10 takes place somewhere lower down in the 
Table. If the maximum for osmium is 8 , then in the octofluoride the osmium 
is covalently saturated, and in that case we should certainly expect the 
compound to show the same kind of inactivity that we find in carbon 
tetrafluoride and in sulphur and selenium hexafluorides. In fact, however, 
its behaviour is quite different, and it is as reactive—for example, with 
water, alkahes, or lead—as a covalently unsaturated halide such as, say, 
silicon tetrachloride or tellurium hexafluoride. This suggests that the 
osmium is not exerting its maximum covalency in the octofluoride, and so 
is able to form co-ordinate links as an acceptor, giving, for example, with 
water, FgOs^OHa. 

This conclusion, which is admittedly very uncertain, is supported by the 
behaviour of the octofluoride with alkaline fluorides like sodium fluoride. 
Though the products have not been analysed, it can scarcely be doubted 
that they are addition compounds of a composition such as NaF, OsFg, or 
2 NaF, OsFg. We cannot suppose that the fluorine atoms are attached to 
one another, and so the only probable structure for the compound would 
seem to be Na[OsF 9 ] or Na 2 [OsFn,], which would imply that u covalency 
of 10 is possible for osmium. It is very unsatisfactory to have to base an 
argument for an extension of the covalency limits on un-analysed com¬ 
pounds such as these, and it is to be hoped that they will be examined in 
more detail. 

Complexes of Octovalent Osmium 

The complex salts derived from osmium tetroxide are the osmiamates, 
in which one of the oxygen atoms in OSO 4 is replaced by the NH group or 
its ion, and a few rather imstable so-called ‘osmenates', formed by the 
addition of the tetroxide to alkaline hydroxides and fluorides. 

Osmiamates, M[0s03N] 

The constitution of the osmiamates, which are very readily formed by 
the action of concentrated ammonia on a strong solution of osmium 
tetroxide in alkali,was finally established by Werner in 1901.^®** 
He pointed out that the suggested structure 

/NO 

0 = 08 ^ 

\0[M] 
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was improbable ( 1 ) on account of the ease with which they are formed 
(rapidly on slight warming of the tetroxide with aqueous ammonia); 
( 2 ) because they give off nitrogen when heated alone^®^^; potassium 
osmiamate evolves nitrogen in vacuo above 200 °, giving a mixture or 
compound of potassium osmate and osmium dioxide: 


2 K[0s 03N] - Ng + K2O8O4 + OsOg. 


( 3 ) Thirdly, and most conclusively, the osmiamates when treated with 
hydrochloric or hydrobromic acid are converted with the loss of all the 
oxygen but not the nitrogen into nitrilo-halides such as M 2 [OsNCl 5 ]; we 
cannot suppose that the acid reduces the NO group to nitrogen. All these 
facts go to show that the nitrogen is combined only with the osmium. If 
one oxygen atom on the osmium is replaced by an NH group we shall get 
an acid of the required composition H[ 0 s 03 N], which could give a mono¬ 
valent ion OsOaN' 
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We should expect the three oxygen atoms and the nitrogen to occupy the 
points of a distorted tetrahedron: the crystal structure of the potassium 
salt KOSO 3 N was examined by Jaeger,^®^® who found that these four atoms 
are at the corners of a tetragonal bisphenoid. 

Free osmiamic acid is known only in solution, which is yellow and keeps 
for days if it is dilute. It is a strong acid. If a concentrated solution of 
osmium tetroxide in strong caustic potash is treated with strong ammonia 
solution at 50°, the brown colour of the solution soon disappears, and 
yellow crystals of the potassium salt separate out: 


O 8 O 4 + KOH + NH 3 - KfOsOgN] + 2 H^O. 


On heating in air the solid darkens at 140° and then explodes gently; 
concentrated hydrochloric acid converts it into the nitrilo-chloride 
K 2 [OsNCl 5 ]. It is remarkable that the aqueous solution can be heated with 
potassium hydroxide up to its boiling-point without decomposition, and 
without liberation of ammonia.^®®^*^®^ 

The sodium salt is so soluble that it cannot be made in this way, but 
must be prepared from the silver salt. The other salts are similar; the 
rubidium and caesium salts are increasingly insoluble (strong acid salts), 
and those of barium and zinc very soluble. 


1050 j Fritflche and H. Struve, J. prakt, Chem. 1847, 41, 97. 

A. Joly, CM, 1891, 112, 1443. 

L. Brizard, Ann, Chim, Phya, 1900, [vii] 21, 373. 

1050 Werner and K. Dinklage, Ber, 1901, 34, 2698. 

L. Tschugaev and F. Butkewitsch, Z, anorg, Ghem, 1928, 172, 232. 
1055 Y, M. Jaeger and J. E. Zanstra, Proc, Acad, Amat, 1932, 35, 610. 
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Per-osmates or Osmenates^^^^ 

These salts are all of the compositions 2 MOH, OSO 4 , or 2 MF, OSO 4 . 
They are undoubtedly complex salts, and are clearly of the type M 2 [ 0804 X 2 ], 
where X == OH or F. The covalency we ascribe to the osmium in them 
depends on the view we take of the Os—0 links: if these are single the 
covalency is 6 : if they are double it is 10 . (It is at least probable that the 
unanalysed compound of osmium octofluoride with alkaline fluorides^ 
has the corresponding structure M 2 [OsFio].) 

The salts are got by adding freshly made solid osmium tetroxide to a 
saturated solution of alkaline hydroxide or fluoride at — 10 °. The salts are 
very soluble in water (the caesium less so than the potassium salt) and in 
alkalies, and are decomposed by acids. The solid salts are stable under the 
mother liquor, but when they are exposed to the air they lose osmium 
tetroxide. They are yellow or brown. They could not be purified or 
analysed in the ordinary way, but the valency of the osmium and the 
ratio osmium: alkali metal were determined. These results make their 
composition (apart from water of crystallization) certain. 

OSMIUM CARBONYLS 

Osmium forms two 'simple ’ carbonyls, several kinds of carbonyl 
halides, and probably a carbonyl hydride. All three types are formed 
together^®^®"®® when carbon monoxide acts under pressure on osmium 
halides (iodide most, chloride least easily) in presence of metallic copper 
or silver to take up the halogen. 

Osmium pentacarbonyl, Os(CO) 6 , is a volatile liquid of m. pt. —15°; it is 
monomeric.^®®® 

Osmium enneacarbonyl, Os 2 (CO) 9 , is the chief product of the reaction; 
it forms yellow crystals melting at 224° and subliming above 130°, It is 
soluble in indifferent solvents (the ruthenium compound is also volatile, 
fusible, and soluble, but the iron analogue is not). No compound [Os(CO) 4]3 
(a^s with iron and ruthenium) could be obtained. 

The hydride is no doubt the volatile substance formed in small quanti¬ 
ties in the above reaction. It does not seem to have been analysed, but it 
is presumably Os(CO) 2 (COH) 2 . 

Several types of carbonyl halides have been described. Manchot^®®® 
obtained as the chief product of the reaction of carbon monoxide on 
osmium dichloride in the absence of a metal a compound Os(CO) 3 Cl 2 , 
obviously polymerized (we should expect a trimer): colourless, m. pt. 
269-273°, decomposing at 280°; it is insoluble in water and most acids. 
When heated with oxygen or copper it gives osmium tetroxide. 

L. Tschugaev, C.R. 1918, 167, 162. 

1067 p, Krauss and D. Wilken, Z, anorg, Chem. 1926, 145, 161. 

1068 Manchot and J. K6nig, Ber, 1926, 58, 229. 

1068 Hieber and H. Fuchs, Z, anorg, Chem, 1941, 248, 266. 

1060 Hieber and H. Stallmann, Z. ElehtrocJiem, 1943, 49, 288. 
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Hieber and Stallmann^"*®, in presence of copper or silver, got two other 
types of halide, 08(00)4X3 (perhaps the same as Manchot’s compound) 
and a dimeric [Os(CO)4X]2. They also obtained the tricarbonyl halides 
03(00)3X3; the chloride, bromide, and iodide were made.^®*^ 

The valency of the osmium is zero in the penta-carbonyl and in the 
hydride if this is Os(0O)3(0OH)3; in the enneacarbonyl, if it has the same 
structure as the iron analogue, it is 4 ; the E.A.N. of the osmiUm in all 
these compounds is 86. 

OSMIUM NITROSYLS 

The only nitrosyls of osmium are the complex halides M2[08(N0)X6], 
where X = 01 , Br, jg striking contrast to ruthenium, which 

gives a very numerous series of nitrosyl derivatives. The potassium salts 
of this type are made^®** by prolonged heating of the trivalent osmium 
salt K2[0 s(N02)s] with a solution of the halogen hydride. The chloride 
K2[Os(NO)Ol6] is a very dark red crystalline substance, giving a red solu¬ 
tion in water, which is very stable and only slowly oxidized by nitric acid. 
The bromide and iodide are similar but black. The three potassium salts are 
isomorphous with one another and with the ruthenium salt K3[Ru(NO)Ol5]. 
In these complexes the osmium has the E.A.N. of 86, and it is divalent, 
as ruthenium is in nearly all its nitrosyl derivatives. 

10*1 Hieber and H. Stallmann, ber. 1942, 75, 1472. 

L. Wintrebert, Ann. Chim. Phys. 1903, [vii] 28, 129. 
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RHODIUM AND IRIDIUM 

R hodium is in sharp contrast to the preceding pair of elements, with 
their many valencies, since in nearly all its compounds it is trivalent. 
This is far less true of iridium: its trivalent compounds are stUl the most 
important group, but it also has valencies of 1, 2, 4, and 6. 

Valency = 1 

Rhodium has none. 

Iridium has only one type of monovalent compounds, the monohalides, 
which are made by heating the higher halides: IrCl, IrBr, and Irl are 
known. These are non-volatile solids not attacked even by concentrated 
sulphuric acid. 

^ Valency = 2 

There probably are no simple compounds of divalent rhodium, though 
the oxide RhO and the sulphide RhS have been described. Certain 
ammines and arsine derivatives are said to occur. 

Divalent iridium forms a few compounds. The solid dihalides IrCl 2 , 
IrBrg, and Irla have been made, like the monohalides, by heating the 
trihalides, and there is a monosulphide IrS; there are also a few ammines 
and a series of complex cyanides of the ferrocyanide type M 4 [Ir(CN)e]. 

Valency — 3 

This is the chief valency both for rhodium and for iridium (as it is for 
cobalt in the covalent state). 

With rhodium it is the valency of the element in all its compounds with 
only a few exceptions. As is usual with the platinum metals, the apparently 
simple compounds are no doubt really complex, which explains why so 
many of them (the hydroxide, chloride, and sulphate) occur in isomeric 
forms. We have a sesquioxide Rh 203 , a hydroxide Rh(OH) 3 , occurring in 
a soluble and an insoluble form, a fluoride RhTg which is a red powder, a 
non-volatile trichloride in several forms, a cyanide, hydrated and obviously 
complex, decomposed only by strong alkali, and several salts, including a 
sulphate, which are probably auto-complexes. 

The recognized complexes are practically confined to the ammines, 
halides, and cyanides. 

The ammines all have a co-ordination number of 6; every type occurs 
from the hexammines [RhAm 3 ]X 3 to the monammines M 2 [RhAmR 5 ]. 
The great diversity of amines, diamines, oximes, etc., which form these 
compounds, and the stability of the products, recall the corresponding 
complexes of trivalent cobalt. 

The complex halides are formed by all the halogens except fluorine, but 
the bromides are less stable than the chlorides, and very few iodides are 
known. 


filU.f 
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The complex cyanides are all of the type of the ferricyanides, 

M3[Rh(CN)e], 

and are extraordinarily stable, not being affected even by boiling with 
concentrated sulphuric acid. They can be made by fusing metallic rhodium 
with potassium ferrocyanide, but they are not formed by the action of 
potassium cyanide on rhodium tricyanide, or on a solution of the tri¬ 
chloride RhClg. Complex oxalato-salts are also known. 

With iridium again this is the most stable valency, though it is not so 
exclusively stable as it is with rhodium. The apparently simple salts are 
like those of trivalent rhodium: there is an oxide IrgOg, a sulphide IrgSg, 
a trichloride and a tribromide (the last two occurring in anhydrous and in 
hydrated forms, of which only the hydrated are solublein water, probably 
being complex acids), and a few salts such as the sulphate. 

The complexes are again similar to those of trivalent rhodium. The 
ammines are less various than those of rhodium, but there are more types 
of complex anions (there are signs that in each pair, and indeed in eacli 
vertical triad of Gp. VIII, as the atomic weight increases the cations 
become less stable and the anions more stable). 

The anions are all of the type Mg^rX^], where X = Cl, Br, I, NOg, CN, 
^SOg, ^ 804 . The range of types given by trivalent rhodium in its complex 
halides is replaced by the uniforirily 6 -fold anionic complexes of trivalent 
iridium. 

Valency = 4 

There is only one rhodium compound which may be of this valency, and 
its composition is uncertain. This is a fluoride, which is undoubtedly 
higher than the trifluoride, and must be either RhF 4 or RhFg. 

With iridium there are a few tetravalent compounds, but only a few. 
There is a dioxide and a disulphide: tetrahalides are given probably by all 
four halogens, and all of them are solids except the tetrafluoride IrF 4 , 
which is an easily hydrolysed oil; the other halides are insoluble except in 
the hydrated forms which are probably complex acids (like the halides of 
trivalent iridium). There are also a few complex salts, a few tetrammines 
of the type of [IrAm 4 Cl 2 ]X 2 , and a few hexahahde salts M 2 [IrCle]. 

Valency = 5 

Here again there is only one possible rhodium compound, the higher 
fluoride mentioned above, which may be the pentafluoride RhFg. 

Iridium has no pentafluoride compound. The supposed pentafluoride 
has been shown to be an oxyfluoride of hexavalent iridium. 

Valency == 6 

There are no hexavalent rhodium compounds. 

Iridium has very few compounds in this valency; there is a hexafluoride 
IrFg, an oxyfluoride IrF 40 derived from it, and possibly an oxide IrOg 
and a sulphide IrSg. 



RHODIUM 

Rhodium, like ruthenium, is one of the rarest of elements, occurring to the 
extent of about 1 part in 10^ in the earth’s crust, but it is rather more 
abundant than ruthenium in platinum ores, where, however, it seldom 
reaches 5 per cent. It was discovered along with palladium by Wollaston 
in 1803^®®^; he gave it the name from the rosy colour of many of its salts. 

Rhodium is trivalent in nearly all its compounds and in all its numerous 
Qomplexes; there are, however, signs of the existence of divalent rhodium, 
and also of higher valencies than 3, though it is not certain what these are. 
The resemblance of rhodium to cobalt is close, and the dilferences are what 
we should expect. Cobalt is nearly always trivalent in its covalent com¬ 
pounds: the rhodium compounds are practically all covalent, and so 
rhodium is almost confined to a valency of 3. 

Trivalent rhodium has the strong power of complex formation that is 
common in trivalent transitional elements, not so strong perhaps as that 
of chromium and cobalt, but no weaker than that of ruthenium in this 
valency. It forms all the usual kinds of complexes, ammines, halides, 
cyanides, ato-compounds: its co-ordination number in the cations is 
always, and in the anions usually, 6. 

Metallic Rhodium 

Rhodium is a white ductile metal melting at 1,966°.^®®^“® It absorbs 
oxygen when melted, and on solidification expels it with ‘spitting’, like 
silver.^®®® At a red heat it is slowly oxidized by air or oxygen to the 
sesquioxide RhgOg, which at a much higher temperature breaks up again 
into its elements. Chlorine at a red heat converts it into the trichloride, 
but it is extremely resistent to fluorine (see under RhFg, p. 1517). 

Compact rhodium is insoluble in all acids, even aqua regia, but in fine 
division (as sponge or as black) it dissolves. If it is fused with potassium 
bisulphate it dissolves to form the sulphate Rh 2 (S 04 ) 3 . Metallic rhodium 
can be obtained from any of its compounds by ignition in hydrogen, but 
it must be allowed to cool in a stream of carbon dioxide or the adsorbed 
hydrogen will catch fire on exposure to air. 

Rhodium is used as an alloy with platinum (generally containing 
10 per cent, of rhodium) along with pure platinum in thermocouples.^®®’"® 
It is also used for making crucibles and similar vessels.^®®® Recently it has 
been found possible to deposit electrolytically on silver a very thin film 
of rhodium which does not affect the appearance (not only because of its 
thinness, but also because the colour of rhodium is very like that of silver), 

1063 Published a year later; PhU. Trans, 1804, 94, 419. 

1064 Y, Roeser and H. T. Wensel, Bur. Stand. J. Res. 1934, 12, 519. 

Barber and F. H. Schofield, Proc. Roy. Soc. 1939, 173, 117. 

1066 j£, Swanger, Bur. Stand. J. Res. 1929, 3, 1029. 

F. R. Caldwell, ib. 1933, 10, 373. 

iwi J. s. Acken, ib. 1934, 12, 249. 

1®** See, for example, G. Trdmel and F. Wever, Naturwiss. 1931,19, 519. 
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but stops it from tarnishing tlnough the formation of a black layer of 
silver sulphide.^®^® 

Rhodium, like palladium and platinum, has a strong catalytic power, 
especially in forms which have a large surface, such as the sponge or black, 
made by the reduction of trivalent rhodium salts* with ammonium formate: 
or still more in the colloidal form, which is made by reducing the chloride 
(usually as the complex salt NaaRhClg) with hydrazine hydrate,or 
with titanous chloride and alkali,^especially in the presence of a protec¬ 
tive colloid hke gum arabic. The colloidal metal has a strong bactericidal 
action even in quantities much too small to be poisonous to man. It 
absorbs in the cold up to 2,900 times its volume of hydrogen, and it is 
particularly remarkable that it absorbs 346 volumes of carbon monoxide 
at 13® and 1,820 at 60° (if the density of the metal is taken as 12*1, this is 
0-7 mol. of CO to 1 Rh), which suggests a definite chemical reaction with 
the carbon monoxide,Kahl and Biesalski^®'^^ have compared the 
catalytic activity of colloidal rhodium with that of coUoidal palladium and 
platinum, and find that the order varies with the reaction: thus for the 
combination of hydrogen and oxygen, or the reduction of ethylene, it is 
Pd > Pt > Rh; for that of a solution of sodium chlorate Pt > Rh > Pd; 
and for that of potassium nitrite Rh > Pt > Pd. It is curious that the 
stabihty of the colloidal solution is not increased by dilution but rather 
diminished, and concentrations up to 2 and even 10 per cent, can be 
obtained.^®^^ 

Rhodium sponge and rhodium black in the same way behave like 
platinum black; they catalyse the combination of hydrogen and oxygen, 
the oxidation of alcohol to acetic acid, the conversion of chlorine water 
into hydrochloric acid and oxygen, and the decomposition of formic acid 
into hydrogen and carbon dioxide a-t the ordinary temperature. It is 
singular that their activity is not destroyed by the presence of sulphur, 
but may even be increased by it (Bredig).^®^^ 

Rhodium and Hydrogen 

Hydrogen is not perceptibly absorbed by compact rhodium at any 
temperature between 400° and 1,000°; its adsorption by colloidal rhodium 
has already been mentioned. In this way rhodium behaves to hydrogen 
much more like platinum than like palladium. 

* When the valency of rhodium in its compounds is not specified, it may be 
assumed to be 3. 

1070 The colour and the methods of its electrolytic deposition are discussed by 
G. Grube and E. Kesting, Z. Elektrochem. 1933, 39, 948. 

A. Gutbier and E. Leutheusser, Z, anorg, Chem, 1925, 149, 181. 

la., ib. 1927, 164, 287. 

1070 Zenghelis and B. Papaconatantinou, O.E, 1920, 170, 1058. 

G. Kahl and E. Biesalski, Z, anorg, Ckem, 1936, 230, 88. 

See also T. Blackadder, Z, physikaL CJmn, 1912, 81, 385. 

A. Gutbier and O. Maisch, Ber, 1919, 52, 2275. 

I. E. Adadurov and N. I. Pevni, J. Phya, Cham. Soc. Ruaa, 1937, 9, 592. , 
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Rhodium and Carbon 

Fused rhodium dissolves up to 1*8 per cent, of carbon, but this sepa¬ 
rates as graphite on solidification.^®®® 

Rhodium and Nitrogen 

Nitrogen is not perceptibly absorbed by rhodium at any temperature 
from 400® to 1,000®. 

DIVALENT RHODIUM 

The evidence for divalent rhodium depends entirely on the existence 
of some of the following compounds: the monoxide, monosulphide, and 
dichloride and certain complex sulphito-salts. Unfortunately with all 
these compounds there is some doubt about the composition or the con¬ 
stitution, or both. 

Rhodium Monoxide^ RhO 

This is said^®’® to be formed from the sesquioxide at 1,113-1,121® 
(above which it loses oxygen), but its existence is very doubtful.^®’® See 
further, p. 1616. 

Rhodium Monosulphide, RhS 

Here again recent confirmation is lacking. Rhodium monosulphide is 
said to be formed by heating the metal with sulphur, or by igniting the 
precipitate of Rh(SH )3 which is formed when hydrogen sulphide acts on 
a solution of a trivalent rhodium compound; and to be a bluish-white 
mass with a metallic lustre, which bums when heated in air, leaving a 
spongy mass of rhodium behind. This may, however, be a mixture of the 
metal with a higher sulphide. 

Rhodium Dichloride, RhCl2 

Wohler and Miiller^®'^® claim to have shown that when rhodium tri¬ 
chloride is decomposed by heat, lower chlorides RhClg and RhCl are 
formed, just as they say that the lower oxides RhO and Rh20 are formed 
in the thermal dissociation of rhodium sesquioxide. The product of the 
partial decomposition of the trichloride they ground up and separated into 
fractions by washing with benzene. When the decomposition had taken 
place at 950-955® the heaviest fraction was found to have the composition 
of the dichloride RhClg, and when at 965-970®, of RhCl. The dissociation 
tensions of these fractions showed that this reached one atmosphere for 
the trichloride at 948®, for the dichloride at 958®, and for the monochloride 
at 964®. Here, as with the oxides, the existence of the lower compounds 
seems very doubtful in view of the absence of X-ray or any other evidence 
of homogeneity, and of the very small differences (of the order of 1 per cent.) 
in the dissociation temperatures. 

Sulphito-compounds, When sodium sulphite is added to a solution of 

1078 W6hler and W. Muller, Z, anorg. Ghem, 1926, 149, 125. 

1®’* A* Gutbier, A. Hiittlinger, and O. Maisch, ib. 1916, 95, 226. 
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rhodium trichloride yellow quite insoluble precipitates are formed,^®®® 
with the compositions of mixtures of such salts as Na 2 [Rh (SOg) 2 ] and 
Na^[Rh'^(S 0 s) 2 S 0 J; they are not oxidized by iodine, which is very 
remarkable if they contain divalent rhodium. As they cannot be purified 
they do not much strengthen the evidence for divalent rhodium. 

There is better evidence in a series of complexes of divalent rhodium 
with amines^^*^ and arsines.'p}j 0 ammines mostly contain pyridine, as 
[Rh pye](hal) 2 . The arsine complexes are of the 6 ~covalent type 
Rh(A 8 R 3 ) 4 Cl 2 ; they are very soluble, even in petrol ether, and in alcohol 
give no precipitate with silver nitrate in the cold. 

TRIVALENT RHODIUM 

This is the most stable state of the element, and that from which the 
great majority of its compounds are derived. The strong tendency which 
both the second and the third triads (the platinum metals) have, as com¬ 
pared with the first, to assume a covalent or comj)lex form, is very evident 
here. The simple salts can rarely be isolated in a pure state, and clearly 
are very ready to form auto-complexes; this is probably why so many of 
them occur in different isomeric modifications, for example, the hydroxide, 
chloride, and sulphate; the recognized complexes, on the other hand, are 
relatively stable and easily prepared. 

In solution the simple trivalent rhodium salts are usually red, and they 
have a peculiar and characteristic bitter taste. 

Rhodium Sesquioxide^ Rh 203 

This is the product, and probably the only product, of heating the metal 
or its nitrate or chloride in air or oxygen to 600-1,000°. For the details 
of the system Rh+0 up to 1,050° see Schenck.^^^*"* It is a grey crystalline 
mass, insoluble in acids. According to Gutbier,^®’® if it is heated it is 
completely broken up into its elements at temperatures above 1,150°. The 
view of Wohler and Muller^^^® that the breakdown occurs in two stages, 
with the intermediate formation of RhO and RhgO, is improbable. A 
further objection is that the heats of formation of the three oxides^ 
when calculated per gram-atom of oxygen, give RhgOg, 22*8; RhO, 21-7 ; 
RhgO, 22-7 k.-cals., which suggests that they are mixtures of the sesqui- 
oxide with the metal. 

Rhodium Tri-hydroxide^ Rh(OH )3 

This seems to occur in two different forms or states. If excess of alkali 
is added to a solution of the rhodichloride NagRhClg it is precipitated as a 
black probably amorphous mass, said by some to be insoluble in acids, 

1 ®*® H. Riehlen and W. Huhn, ib. 1933, 214, 189. 

i®«i F. P. Dwyer and R. S. Nyholm, Proc, Roy, Soc, N.S. Wdka, 1942, 76, 276. 

»®«® Id., ib. 1942, 76, 133. 

^®** R. Schenck and F. Finkener, Ber. 1942, 75, 1962. 

1®®* L. Wohler and N. Jochum, Z, phyaikal, Chem, 1933, 167, 169. 
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though others!”^® have no difficulty in getting it to dissolve. If the potas¬ 
sium hydroxide is slowly added in defect yellow crystals separate of the 
composition Rh(OH) 3 , HgO. This form is soluble in acids, and also in 
caustic potash, in which it forms a yellow solution, which on treatment 
with chlorine turns blue, probably owing to the formation of a rhodate 
K2Rh^i04. 

The hydroxide readily adsorbs alkali. If it is precipitated in the cold 
from the rhodium trichloride solution with baryta, the base is much more 
easily removed.^®®® 

Rhodium Sulphides 

The best investigation of the sulphides of rhodium is that of Biltz and 
his co-workers,^®®® made by phase-rule methods, by the measurement of 
dissociation tension, and by X-ray analysis, of the system rhodium- 
sulphur. The results apply, of course, to the compounds which are pro¬ 
duced by the direct combination of the elements at high temperatures (up 
to 1,100'^) ; other compounds may be obtainable at lower temperatures 
from solution. These authors conclude that the only compounds so formed 
are Rh 2 S 5 , RhgSa, Rh 3 S 4 , and Rh 9 Sa, and that these do not form solid 
solutions with one another. [The strong tendency of sulphur, in contrast 
to oxygen, to form long chains must be remembered.] In particular they 
get definite evidence, both tensiraetric and from X-ray diagrams, that no 
RhS is formed, and no RhS 2 , and nothing with a true pyrites structure 
such as Rh"S 2 should have, although RhaSg has a pseudo-pyrites structure. 

It has also been shown that the highest selenide^®®’ and telluride^®®® 
of rhodium have the compositions Rh 2 Se 5 and Rh 2 Te 5 , corresponding to 
the pentasulphide RhgSa- 

The liydrosvlphide Rh(SH )3 is said to be produced by passing excess of 
hydrogen sulphide into a solution of a trivalent rhodium salt at 100°; it 
is a black precipitate, insoluble in ammonium sulphide (NH 4 ) 2 S. 

Trihalides of Rhodium 

All four of these are known, although our information about some of them 
is scanty. They show signs of auto-complex formation, which certainly 
occurs in the chloride. 

Rhodium Trifluoride, 

Fluorine is remarkably slow to react with metallic rhodium or with 
rhodium trichloride; the reaction does not occur at all below 400°, and to 
get anything like complete fluorination it must be carried out at 500-600°, 


F. Krauss and H. Umbach, Z. anorg. Chem. 1929, 180, 42. 

R. Juza, O. Hiilsmann, K. Meisel, and W. Biltz, ib. 1936, 225, 369. 

1®®’ L. W6hler, K. Ewald, and H. G. Krall, Ber. 1933, 66, 1638 (corrected with 
respect to the telluride by the next reference). 

108 S Biltz, Z. anorg, Chem. 1937, 233, 282. 

O. Ruff and E. Ascher, ib. 1929, 183, 193* 
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and even then the product has a slight excess of rhodium. At these 
temperatures vessels made of fluor spar must be used. The formation of 
the non-volatile trifluoride is accompanied by that of a small quantity of 
a higher fluoride, which is volatile and must be a tetra- or a pentafluoride 
RhF 4 or RhFs (see later, p. 1527). 

Rhodium trifluoride is a red powder, which is not at all hygroscopic, 
and keeps without change for an indefinite time if it is dry. Above 600® 
it volatilizes to some extent, but this seems to be due to the formation of 
the higher fluoride. It is isomorphous with the trifluorides of aluminium, 
iron, cobalt, and palladium, all of which form layer lattices.It forms 
a hydrate RhFg, 6 It is very stable to water, acids, and bases, 

more so than cobalt trifluoride, though rather less than ferric fluoride. 
It is practically insoluble at their boiling-points in water or concentrated 
hydrochloric, nitric, sulphuric, or hydrofluoric acids, or in 33 per cent, 
sodium hydroxide. Fusion with sodium carbonate converts it into rhodium 
sesquioxide and sodium fluoride. It is attacked by hydrogen at 70®, and 
by water (with hydrolysis) at 250®. It gives no visible reaction with 
iodine, sulphur, or carbon, but it burns if it is heated with metals. 

Rhodium Trichloride^ RhClg 

Chlorine begins to combine with rhodium at 250® (150® lower than 
fluorine) with the formation of the trichloride. This compound has^®^^ a 
peculiar behaviour, wliich indicates that it can occur in several forms, 
some of them certainly complex. As obtained from its elements it is a 
red powder, insoluble in water and acids; by dissolving the hydroxide in 
hydrochloric acid and evaporating, a hydrate RhClg, 4 or 3 HgO (perhaps 
both) is got, which is very soluble in water. This hydrate loses its water of 
crystallization in a stream of hydrogen chloride gas at 180®, but the 
anhydrous product so formed is stiU very soluble in water, and so is 
different from that which is prepared directly from the elements. If, 
however, this soluble anhydrous chloride is heated to a higher temperature 
it becomes insoluble. This, however, is not all. Meyer has shown^®®®"^ 
that the dark red hydrated chloride RhClg, 3 HgO when dissolved in water 
gives a brown solution which is quite stable in the cold, and gives with 
silver nitrate only a slight turbidity (E.M.F. measurements confirm the 
absence of chlorine ion). But if this brown solution is heated nearly to 
boiling it suddenly becomes yellow, and now silver nitrate will precipitate 
the whole of the chlorine. This loss of colour does not occur with concen¬ 
trated solutions, and there may be an equilibrium between the two forms, 

J. Meyer and H. Kienitz, Z. anorg, Chem, 1939, 242, 281. 

J. A. A. Ketelaar, Nature^ 1931, 128, 303. 
io»s g, Cabrera and A. Duperier (Proc, Phya, Soo. 1939, 51, 846) measure the 
magnetic susceptibility of RhClj, as well as of OsClj, IrClj, and PtCl*, and discuss the 
results. 

J. Meyer and M. Kawczyk, Z, anorg, Chem\ 1936, 228, 297. 

J. Meyer and H. Kienitz, ib. 1939, 242, 281. 
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the (brown) form which gives no chlorine ions being favoured by a higher 
concentration, and so presumably more condensed. Attempts to isolate 
the yellow form have failed; if the yellow solution is evaporated down it is 
the original brown-red modification which separates, probably because 
the equilibrium goes over to this side as the concentration increases. 

The change in colour of the solution is, however, accompanied by a 
marked increase in the electrical conductivity, which (at N/ 1 , 000 ) is about 
doubled. This is like the behaviour of the sulphate Rh 2 (S 04)3 (below). 

Rhodium Tribromide, RhBrg 

This is very difficult to isolate, either by direct synthesis^®®^ or by the 
action of hydrogen bromide on the chloride.'®®^ 

Rhodium Tri-iodide, Rhig 

This is similar to the other halides, but it is very insoluble, even when it 
is prepared in aqueous solution. One way of separating rhodium from 
iridium depends on this.^®®® If a solution of the mixed chlorides is boiled 
for some time with hydriodic acid, the rhodium salt alone is precipitated. 

Rhodium Cyanide, Rh(CN)3, SHgO 

This can be made^®®’ by decomposing K 3 [Rh(CN)e] with concentrated 
sulphuric acid at lOO"^. It loses 1 H 2 O at 145®, and then decomposes. 
Strong ammonia replaces half the water, giving 4 Rh(CN) 3 , 7 NH 3 , 7 HgO. 
The cyanide will not dissolve in potassium cyanide to give a complex 
cyanide; strong potassium hydroxide solution dissolves it, but onlj^ with 
decomposition. 

Oxy-salts of Trivalent Rhodium 

These are often, but not always, auto-complexes. 

Rhodium Sulphates 

The ‘simple ’ sulphate Rh 2 (S 04)3 aq. exists in^®®® two forms, a yellow and 
a red, of which the red is certainly complex, and the yellow probably not; 
they are related in the same way as the yellow and red trichlorides men¬ 
tioned above. Both of these form double salts. 

If rhodium tri-hydroxide Rh(OH )3 is dissolved in cold sulphuric acid, 
and the solution precipitated with alcohol, a yellow salt Rh 2 (S 04 ) 3 , 15 HgO 
is obtained; this holds the last three molecules of water zeolitically (i.e. 
in solid solution), but it gives definite hydrates with 12, 9, and 6 HgO, 
the last again losing its 6 molecules gradually like a zeolite. From the 
aqueous solution of this salt barium chloride precipitates all the SO 4 at 
once, and potassium hydroxide the rhodium, so there is no evidence of 
complexity here. If the solution is boiled dowm, a new red-brown form 

A. Gutbier and A. Hiittlinger, ib. 1916, 95, 247. 

1096 Lebedinski, Ann, Inst. Platine, 1927, 5, 364. 

F. Krauss and H. Umbach, Z, anorg, Chem, 1929, 179, 369. 

Id., ib. 180, 42. 
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Rh 2 (S 04 ) 3 , 4HgO (in which all the water is zeolitic) separates; this is 
formed at once if the trihydroxide is dissolved in hot sulphuric acid. This 
red form is evidently complex; the freshly made solution gives no preci¬ 
pitate with barium chloride or potassium hydroxide, and the conduc¬ 
tivity is low, but about doubles itself in the course of 12 hours or so. This 

increase corresponds to the reaction Rh[Rh(S 04 ) 3 ] -^ I^h 2 [S 04]3 if we 

assume that the equivalent mobility of these ions is about constant. Hence 
the red modification must be complex and the yellow simple. At the same 
time such a formula for the complex salt as [Rh'"] • [Rh'"(S 04 ) 3 ] while it 
accounts for the absence of reaction for SO 4 does not explain why there 
is no reaction for Rh'"; there may, however, be an eiTor here, since the 
hydroxide Rh(OH )3 precipitated by alkali is soluble in excess. Chromic 
sulphate behaves in precisely the same way.^®^® Of the alums'^®® the 
caesium salt CsRh(S 04 ) 2 , 12 H 2 O was yjrepared by the action of caesium 
sulphate on a cold saturated solution of yellow rhodium sulphate. It had 
all the characteristics of an alum; it gave the reactions of trivalent 
rhodium and of SO4, and gave no sign of complexity. On dehydration 
hydrates with 6 , 3, and 0 H 2 O were formed, all of which also behaved as 
simple and not as complex salts. On the other hand, when caesium sul¬ 
phate was added to a cold solution of the red rhodium sulphate at the 
same concentrations as before, no alum was formed. It is to be noticed 
that though these double sulphates are certainly not complex in the 
ordinary sense, they become less soluble in water as the amount of 
water of crystallization gets less. At complete equilibrium it is obvious 
that the anhydrous salt must be more soluble than any stable hydrate; 
hence these double sulphates, though they are not complex, must be slow 
to reach equilibrium with the solution, a phenomenon which is common 
Avith sulphates, especially those of cations of high valency. 

True complex rhodium sulphates also occur. Krauss found that if the 
solution of the alum is boiled and evaporated down, a new double sulphate 
of the composition CsRh(S 04 ) 2 , 4 H 2 O separates as a dark yellow powder: 
the water is zeolitically attached. This substance is shown to be complex 
by the fact that barium chloride precipitates no barium sulphate, but in 
very concentrated solution gives a yellow precipitate of the complex 
barium rhodio-sulphate. 

He has also obtained an acid of the composition H[Rh(S 04 ) 2 ], 8 H 2 O, 
by allowing a cold saturated solution of the alum to evaporate with sul¬ 
phuric acid ; but there is no sign that this is complex. 

A trivalent rhodium sulphite and nitrate have been obtained, but not 
in the pure state. 

COMPLEXES OF TRIVALENT RHODIUM 
Tkivalent rhodium has a strong tendency to form complexes like other 
trivalent transitional elements. These are formed especially with ammonia 

1099 F. Krauss, H. Querengtoer, and P. Mey^r, Z. anorg. Chem, 1929, 179, 413. 

F. Krauss and H. Umbach, ib. 182, 411. 
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and the amines, and with the halogens chlorine and bromine, and to some 
extent iodine. The covalency is almost invariably 6, the ammines always 
having this value, and the halides usually, but sometimes 5 , and some¬ 
times apparently (but probably not really) 7 . Other complexes are the 
chelate derivatives of a-dioximes (glyoxime compounds) and a certain 
number of ato-derivatives, including cyanides, and nitro- oxalato- and 
malonato-complexes. 


Complex Rhodium Cyanides 

Though the trivalent hexacyano-complex [Rh(CN)6]"' is of quite excep¬ 
tional stability, very few of its salts have been prepared. The potassium 
salt K3[Rh(CN)e] can be made^®®^ by fusing metallic rhodium with 
potassium ferrocyanide, or better by fusing the pentammine 

LRh(NH3),Cl]Cl2 

with potassium cyanide, but it cannot be made by the action of potassium 
cyanide cither on the (insoluble) simple cyanide Rh(CN)3, aq., or on a 
solution of rhodium trichloride. On the other hand, the complex, when it 
has once been formed, is extraordinarily stable. The solution is not affected 
by acids, not even if it is boiled after the addition of concentrated sulphuric 
acid; the complex can only be decomposed by heating the dry salt above 
100'^ with concentrated sulphuric acid, when a yellow solution is formed, 
from which the cyanide Rh(CN)3, aq. separates as a yellow-brown (not 
red) mass. 

For more salts of this acid see reference 

Complex Thiocyanates 

These seem to be certainly complex. They all have a 6-co-ordinated 
rhodium atom. Potassium thiocyanate reacts^^®^ with the rhodiochloride 
K3[RhCl6] to give the very stable K3[Rh(CNS)6]; from its solution sul¬ 
phuric acid liberates the free acid H3[Rh(CNS)6] (apparently anhydrous), 
which can be extracted with amyl alcohol. A silver salt and a hexammine 
cobaltic salt were also made. 

Ammines of Trivalent Rhodium 

These all have the co-ordination number 6, but they are of every type 
from [RhAm6]X3 to M2[RhAmR5], the series being completed by the pure 
complex halides M3[RhRe] (Am = amino-group; R = halogen or other 
monovalent radical). As usual ammonia forms more stable compounds 
than its substitution products, except when these are diamines which 
can form stable chelate rings. 


Hexammines 

The simplest of the hexammines are the compounds [Rh(NH3)e]X3, the 
so-called luteo salts, which here are colourless. 

Jioi G. A. Barbieri, Atti E, 1931, [vi] 13 , 433. 
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Many chelate derivatives are known, made with ethylene diamine^^®^*^^®® 
1,2-diamino-cycIopentane^^®® and the corresponding cyclohexane com¬ 
pound,dipyridyl,^^®^ and in a few examples triaminopropane.^^®® 
All these amines form trichelate complexes of the [Rh engJXg type, and 
the stability of this form is so great that the mono- and dichelate com¬ 
pounds do not seem to be formed at all. With the chelate sulphamide 
/NH2 

molecule other hand, where the co-ordinating power 

of the NHg is no doubt weakened by the presence of the SOg, the dichelate 
form is produced, still with a co-ordination number of 6, as a di-aquo- 
complex,^^^® but not the trichelate. 

The trichelate ethylene diamine compounds of trivalent rhodium were 
among the first 6-covalent complexes to be resolved into their optical 
an timers; this was effected by Werner^^®^ in 1912 by means of the camphor- 
nitronate and the tartrate. Other trichelate compounds of trivalent 
rhodium have since been resolved, such as the diamino-cyclopentane^^^® 
and the diamino-cyclohexane^^®® derivatives, and also the oxalato- and 
malonato-compounds to be described later. 


Pentammines 

A few aquo-pentammines [Rh(NH3)5(H20)]X3 (roseo-compounds) have 
been made by the action of silver oxide on the chloro-pentammines. The 
hydroxo-compounds [Rh(NH 3 ) 50 H]X 2 can be made^^^^ by the action of 
concentrated ammonia on the aquo-pentammines. They are fairly stable 
and closely resemble the corresponding iridium compounds, but like 
many hydroxy-compounds they readily revert to the aquo-form. 

The chloro-compounds, such as [Rh(NH 3 ) 5 Cl]Cl 2 , can be made^^^^ by 
the action of ammonia on a hot solution of ammonium chloride and 
rhodium trichloride. The salt is rather slightly soluble in water, and almost 
insoluble in strong hydrochloric acid; soF at 25"" 0-83 in water, 0-086 in 
2-6 per cent, and 0-007 in 10-6 per cent. It can thus be used 

to separate rhodium from its mixture with palladium, iridium, and 
platinum.^^^^ 

* 1102 A. Werner, Ber. 1912, 45, ]228. 

'^ 0 ® F. M. Jaeger and H. B. Blumendal, Z. anorg. Chem. 1928, 175, 161. 

1104 ]yf Jaeger and J. A. van Dijk, Proc. K, Akad. Amst, 1934, 37, 284. 

Id., ib. 1937, 40, 2. 

iio« Y, M. Jaeger and L. Bijkerk, ib. 116. 

“07 F. M. Jaeger, Bull, Soc, Ghim. 1937, [v] 4, 1201. 

“0* F. M. Jaeger and L. Bijkerk, Z, anorg, Chem, 1937, 233, 97. 

no» Terpstra and J. ter Berg, Proc, K, Akad, Amst, 1937, 40, 602. 

F. G. Mann, J,C,8. 1933, 412. 

““ B. E. Dixon, ib. 1935, 779. 

1112 y^ Lebedinski, Ann, Inst, Platine, 1936, 13, 9. 

1113 p Shemtschushni, ib. 1927, 5, 364. ‘ 

1114 y^ y^ T.<ebedinski, ib. 1936, 13, 73. 
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A. B. has measured by conductivity the rate of the reversible 

change 

[Rh(NH3),X]X2 [Rh(NH3),OH,]X3 

where X == Cl or Br. At equihbrium at 84® the fraction aquo/(aquo+halo) 
is 20 per cent, for chlorine and 12 per cent, for bromine. 


Tetrammines 

Among these are the sulphamide compounds of Mann^^^® already 

/NH2 

referred to. Sulphamide > owing to the presence of the SO 2 

group, is a distinctly acidic substance, and its hydrogen atoms are easily 
replaceable. With a solution of trivalent rhodium it gives a diaquo- 
compound of the formula 

OH, 


Na 


O2S 


NH 


;Rh( 


h 




/HNx 


)SO, 


(if we call the sulphamide sHg this salt would be written Na[Rh{H 20 ) 2 (s) 2 ]). 
It could occur in two stereomeric forms, a trans which is symmetrical, and 
a cis which would be resolvable. Mann was able to resolve his product 
through the a-phenyl-ethylamine salt, and this showed that it is the cis- 
form. It is found to be quite reasonably stable: in solution the active salt 
does not racemize in the cold, and even at 100® only does so to about 30 
per cent, in an hour. Though a cis compound, this will not take up a third 
chelate sulphamide grouf) (as an en complex would), which shows that the 
sulphamide forms a less stable chelate group than the en, presumably on 
account of the influence of the SO,. The replacement of the hydrogen in 
this complex is unusual (compare the glyoxime compound); it gives the 
complex a negative instead of a positive charge. 


Triammines 

Two simple triacido-triammines are known which are not ionized. 
The compound [Rh(py) 3 Cl 3 ]® is made^^^® by treating sodium rhodio- 
chloride NagRhCle with pyridine. As a non-salt it is soluble in chloroform, 
and separates from it with a molecule of chloroform of crystallization. 

The Triammino-trihromide 

[Rh(NH 3 ) 3 Br 3 ]® is made^^^’ by heating the bromopentammine bromide 
to 210®, when the change 

[Rh(NH3)3Br]Br2 —> [Rh(NH3)3Br3]^ + 2NH3 

goes quantitatively. This compound is insoluble in water, acids, and 
alkalies. 

J.A.C.S. 1939, 61 , 699. 

M. Del6pine, BnU, Soe. 1929, [iv] 45, 236. 
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Diammines 

Some di-pyridine complexes have been prepared by Delepine.^^^® The 
chloro-compound M[Rh(py) 2 Cl 4 ], like the corresponding iridium com¬ 
pound, occurs in a cis and a trans form, the cis being orange and moderately 
soluble in water, and the trans red and only sparingly soluble. Other 
dipyridine compounds were made, one of which contains a nitrato- 
group, M[Rh(py) 2 Cl 3 N 03 ]. 

Monammines 

A certain number of these are known, such as (NH 4 ) 2 [Rh(NH 3 )Cl 6 ], 
which is made by treating sodium rhodiochloride solution NagRhCle 
with ammonium chloride and ammonium acetate; the potassium salt is 
also known. They are not very stable, and the halogen atoms are easily 
hydrolysed. 

Complex Nitro-salts 

These, so far as they are known, are all of the type M3[Rh(N02)6]-^’^® 
The sodium and potassium salts have been made, and are remarkable for 
being colourless when pure. For their cr 3 ^stal structure see reference 


Oxime Complexes of Trivalent Rhodium 

The oxime group normally has far less co-ordinating power than an 
NHg, but the dioximes of a-diketones form chelate complexes of great 
stability. Thus dimethyl glyoxime 


CHo—C -C-CH3 

I I 

NOH NOH 


(DH,) 


will combine with trivalent rhodium^^^^ much as it does with trivalent 
cobalt, forming dichelate complexes with the two remaining places in the 
6-fold complex occupied either by ammonia or by chlorine, giving 
[Rh(DH) 2 (NH 3 ) 2 ]X and M[Rh(DH) 2 Cl 2 ]. With the oxime as with the 
fiulphonamide the products are only dichelate, and in both classes there 
is replacement of the hydrogen atoms (here only one H per ring). The 
products are more stable than the corresponding cobalt compounds, but 
less than those of palladium; if a solution containing the chlorides of 
palladium and rhodium is treated with the gly oxime, the palladium is 
precipitated, but the rhodium remains dissolved. This reaction can be 
used to separate rhodium from palladium.^^^^ 


E. Birk and H. Kamm, Siebert Festschrift^ 1931, 19. 

111 a y Lebedinski, Ann. Inst. Platine^ 1933, 11, 5. 

E. Leidi6, C.R. 1890, 111 , 106. 

G. B. Boki and L. A. Popova, BvU. Acad. Set. U.E.8.S. 1946, 89. 

L. Tsohugaev and W. Lebedinski, Z. anorg. Chem. 1913, 83, 1. 

M, Wiinder and V. Thuringer, Z, anal. Chem. 1913, 52, 660. 
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Oxalato-Salts 

These are stable and well defined, and both the dichelate (but 6 -cova- 
lent) and trichelate types are known. Leidie^^^s obtained the salts 
Na 3 [Rh(C 204 ) 3 ], 6 H^O: K, 4-5 HgO, and NH 4 ,4*5 HgO. They were resolved 
into their optical antimers by Werner in 1914^^^^ through the strychnine 
salts. From the product he obtained the active forms of the salts of 
sodium (4 HgO), potassium (H 2 O), rubidium (H 2 O), and barium, 3 and 
0 H 2 O. These salts are all red or orange-red. They are very stable in 
solution, and racemize much more slowly than the corresponding chromi- 
oxalates; they can be warmed in solution on the water-bath without 
sensible change in rotatory power. For the crystallography of these and 
the silver salt see Jaeger. 

The dichelate oxalato-compounds were made by Delepine^^^® from potas¬ 
sium oxalate and the aquo-pentachloro-salt K 2 [RhCl 5 (H 20 )], which gave 
the dichelate salt K 3 [Rh(C 204 ) 2 Cl 2 ] in the cis form (1 HgO, dark green), 
from which the trans form (4 H 2 O, yellow, like the iridium compound) can 
be obtained by boiling in solution with dilute hydrochloric acid. 

The malonatx>-m\t& are similar^^^s. the salt K 3 [Rh(mal)g], 5 HgO was 
resolved. 

Sulphur Complexes 

Complexes with ethyl sulphide, such as Rh(SEt 2 ) 8 X 3 , can be made by 
heating the trihalides with ethyl sulphide in alcohol; they have the m. pts. 
X3 = CI3 126^ Br3 107°, I3 98°,^i28 

Complex Halides 

Complex halides are formed by trivalent rhodium with all the halogens; 
the fluorides have only recently been discovered; the bromides seem rather 
less stable than the chlorides, and iodides are scarcely known at all. As 
commonly happens the halides are more variable in type than the ammines, 
and three mononuclear forms are known: ( 1 ) M 2 [RhX 5 ] (no compounds of 
the type M[RhX 4 ]) usually containing one or more molecules of HgO, 
one of which may be assumed to complete the 6 -fold co-ordination of the 
complex, though some of the pentachlorides are anhydrous; ( 2 ) M 3 [RhXe]; 
(3) M 4 [RhX 7 ] (structure unknown); there are also several polynuclear 
compounds described, most of which are of uncertain individuality, but 
one of them (4) is well marked, M 3 [Rh 2 X 9 ]. 

AU the fluorides so far prepared (K, Rb, and Cs^^*®) are of the same type, 
M 3 [RhFe]. Among the chlorides M 3 [RhXe] is much the commonest 

E. Leidi4, Ann, Chim, 1889, [vi] 17, 309. 

A. Werner, Ber, 1914, 47, 1954. 

F. M, Jaeger, Proc, K, Akad, Amst, 1917, 20, 263. 

M. Del5pine, Anal, Fis, Quint, 1929, 27, 485. 

F. M. Jaeger, Rec, Trav, 1919, 38, 300. 

F. P. Dwyer and R. S. Nyhohn, Proc, R,S, New S, Wales^ 78, 67. 

J. Meyer and H. Kienitz, Z, anorg, Chem, 1939, 242, 281. 
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type, and M 2 [RhX 5 ] the next commonest; M 4 [RhX 7 ] and M 3 [Rh 2 X 9 ] are 
confined to a small number of salts of organic bases. Thus we have the 
pentachlorides K 2 [RhCle], with 0, 1, and the ammonium, 

rubidium, and caesium salts all crystallize with one molecule of water, no 
doubt as aquo-salts.^^^^ Among the hexachlorides M 3 [RhCIe] the best 
known is the sodium salt Na 3 [RhCl 6 ], usually with 9 HgO, but it can be 
got with 12 ^^®^; this salt is easily crystallized from water or dilute acid, 
and is often employed in place of rhodium trichloride as a source of triva¬ 
lent rhodium compounds. In vacuo over sulphuric acid this dries sharply 
to a di-hydrate.^^^^ Other hexachlorides are the lithium salt, with 12 HgO: 
the potassium rubidium and ammonium salts, aU with one HgO: alkaline- 
earth salts are also known, such as Ba 3 [RhCl«] 2 , 7 H 20 .^^^ 

A large number of complex rhodium halides of organic bases have 
been made,^^®^“® using primary, secondary, tertiary, and quaternary alkyl- 
ammoniums, as well as other bases such as pyridine and its homologues. 
Among the chlorides the great majority were of the type M 3 [RhCle]. These 
salts are usually anhydrous; they are all red or reddish-brown in colour, 
fairly easily soluble in water, and readily reerystallizable from dilute 
hydrochloric acid without decomposition. 

The heptachlorides appear to include a curious ethylene diamine salt of 
the composition RhCl 3 {ew, 2 HC 1 ) 2 ,^^®^ of which there is a bromine ana- 
logue.^^^® This has been shown^^®’ to be probably a crystal aggregate of the 
en hydrochloride and the non-ionized form of the trichloride; if this last 
(the brown form) is added to a solution of the en hydrochloride the con¬ 
ductivity is not increased. 

There is further the binuclear type M 3 [Rh 2 Cl 9 ], of which the tetramethyl 
and tetraethyl ammonium salts have been made.^^®^ Several bromides of 
this type are known^^®®: there is also a corresponding chloro-bismuthate 
M' 3 [Bi 2 Cl 9 ].^^®® The structure of these salts is unknown. 

The complex bromides are on the whole similar to the chlorides, but there 
are certain definite differences in the particular types that are favoured, 
especially in the fact that the type M 3 [RhX 6 ], which is the commonest 
among the chlorides, is relatively rare among the bromides, while the 
binuclear type M 3 [Rh 2 X 9 ] is much more frequent with the bromides, 
occurring even with inorganic cations. See further, references 

1180 p Christensen, J. prakt, Chem. 1887, [2] 35, 164, 179; K. Seubert and 
K. Kobbe, Ber, 1890, 23, 2667. 

M. Del4pine, BuU. Soc. Ghim, Bdge^ 1927,36, 108. 

F. G. Mann, J,G.S. 1933, 417. 

F. M. Jaeger and J. A. van Dijk, Proc. K. Akad, AmsU 1934, 37, 284. 

O. V. Fraenkel, M<m, 1914, 35, 119. 

A. Gutbier euid H. Bertsch, Z, anorg. Chem, 1923, 129, 67. 

J. Meyer and K. Hoehne, ib. 1937, 231, 372. 

J. Meyer, M. Kawkzyk, and K. Hoehne, ib. 232, 410. 

A. Gutbier and M. MUller, ib. 1923, 128, 137. 

P. Poulenc, C.R. 1930, 190, 639. 

Id., Ann, Chim, 1936, [xi] 4 , 667. 
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RHODIUM WITH VALENCIES OF 4 OR MORE 

The general conclusion on this obscure question is that it is fairly certain 
that in its compounds with fluorine and with oxygen, but in no others, 
rhodium can have a valency greater than 3, though we do not know what 
this is; the indications are that it is probably 4, and possibly 6 as well. 

The evidence for these states of valency is of three kinds: (1) the higher 
fluorides; (2) rhodium dioxide and its hydrates; (3) the existence of tetra- 
and hexavalent rhodium in electrolytically oxidized solutions, and of a 
hexavalent ‘rhodiate’ MgCRhOJ in certain alkaline solutions. 

Higher Fluorides of Rhodium 

Ruff and Ascher^^^^ found that when rhodium is fluorinated at 500-600® 
though the main product rhodium trifluoride is not volatile, a small 
quantity of a sublimate is formed. By special arrangements some 50- 
100 mg. of a red-brown sublimate were collected, and this was found to 
be volatile enough to go surprisingly far through the apparatus. It was 
shown to contain rhodium and fluorine; it gave blue-violet solutions in 
water and liberated chlorine from aqueous hydrochloric acid. The product 
was almost impossible to analyse (partly because the calcium fluoride tube 
which must be used is attacked), but the results, though not constant, were 
enough to show definitely that if rhodium or its trifluoride or trichloride 
is heated in fluorine at 600° a fluoride higher than RhFj is produced, pre¬ 
sumably either RhF 4 or RhFs. 

Rhodium Dioxide and its Hydrates 

The supposed formation of a dioxide RhOg by the oxidation of the metal 
or in other ways has been disproved^^^^; no pure oxide of rhodium with 
more oxygen than the sesquioxide RhgOg can be made. A hydrated oxide 
with more oxygen than corresponds to RhgOg can be prepared, but when 
this is dehydrated it loses oxygen along with the water, and the sesquioxide 
remains. The occurrence of the higher oxide of a metal in the hydrated, 
but not in the anhydrous form is not uncommon: compare palladium^^*^ 
and platinum.^^^^ 

The hydrated dioxide RhOg, 1-2 HgO is formed (along with a large 
excess of oxychloride) by the action of chlorine on a solution of the 
hydroxide Rh(OH )3 in excess of alkaU. But it can only be obtained in 
any quantity by the electrolytic oxidation of this alkaline solution, when 
a blue solution is formed, from which a precipitate separates, which always 
contains more oxygen than corresponds to the formula Rh 203 , aq., but 
never quite as much as is required for RhO^, aq. After prolonged washing 
to remove the alkali, a dark olive-green powder remains, which when 
dried has the composition RhOg, 1-2 H^O. Even when the water in this 

O. Ruff and E. Ascher, Z. anorg. Chem, 1929, 183, 206. 

L. Wohler and K. F. A. Ewald, ib. 1931, 201, 146. 

L. Wohler and J. Konig, ib. 1906, 46, 323. 

L. W6hler, ib., 1904, 40, 449. 
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was removed over phosphorus pentoxide in a vacuum at the ordinary 
temperature, the whole of the extra oxygen was lost with the water, and 
only the sesquioxide RhgOg remained. 

Higher Rhodium Valencies in Solution 
When a solution of trivalent rhodium is exposed to oxidizing agents its 
colour changes from green to blue (Claus, 1860). This happens, for example, 
when chlorine acts on an alkaline solution of Rh(OH) 3 ^^^® or sodium 
hypochlorite on the salt Naa[RhCl6].^^^® 

Grube^^*’"® has found that on electrolytic oxidation a trivalent rhodium 
solution, which is originally yellow, turns green and finally blue, and by 
measuring the amount of oxygen given off as compared with the current 
passed he proved that oxidation takes place in the solution. A solution of 
trivalent rhodium sulphate can be oxidized electrolytically^^^® to a valency 
(as found by analysis) of about 4*5; with rhodium perchlorate the valency 
was found to be as high as 5*8. From a solution in which the valency of 
the rhodium is about 6, alkalies precipitate a blue substance, which 
redissolves in excess of the alkali to form a blue solution; when the 
rhodium is about 4-valent, the precipitate is green, and so is its solution 
in excess of alkali. Even by purely chemical oxidation with chlorine or 
sodium hypochlorite he was able to reach a valency of nearly 6. 
Preliminary measurements of the E.M.F. gave the results: 

Rh"^ + © - > Rh''^ at + 1*40 volts 

'Rhiv ^ 2© —► Rh'^i at + 1*46 volts. 

These results suggest that in acid solution tetravalent rhodium must 
be largely converted into trivalent and hexavalent. 

Taking all the evidence together, we have good reason to think that 3 is 
not the highest valency possible for rhodium, but very little idea what the 
higher valencies may be. 

RHODIUM CARBONYLS 

Rhodium has lately been shown^^^® to form 2 or 3 ‘simple’ carbonyls, 
as well as a hydride and the halides [Rh(CO) 8 X] 2 . 

If the anhydrous binary halide is heated with carbon monoxide under 
pressure in presence of copper or silver, three carbonyls and a hydride are 
formed. The carbonyls are [Rh(CO) 4 ]^, [Rh{CO)8]^, [^^(^ 0 ) 11 ]^; their 

molecular weights are unknown; we should expect the first, m. pt. 76°, to 
be dimeric, and the second, decomposing at 150°, to be tetrameric. The 
formula of the third, which decomposes at 220°, is very strange. The 
volatile hydride, m. pt. —11°, has the expected composition Rh(CO) 4 H. 

E. P. Alvarez, C.R. 1906, 140, 1341. 

11" E. Demar^ay, ib. 1886, 101, 961. 

11" Q. Grube and E. Resting, Z. Elektrochem. 1933, 39, 948. 

11" G. Grube and B. Gu, ib. 1937, 43, 397. 

11" W. Hieber and H. Lagally, Z. anorg. Chem. 1943, 251, 96. 
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The carbonyl halides are formed when the binary halide is heated with 
carbon monoxide under pressure but with no metal added; the chloride 
was first made (but wrongly formulated) by Manchot.^^®° All three 
halides are typical covalent compounds, soluble in organic solvents, and 
sublime easily. The chloride was shown by the freezing-point to be 
dimeric in solution (the E.A.N. for Rh(CO) 2 Cl would be 50, so that the 
rule would require it to be pentameric). 

Rh(CO) 2 Cl is orange-yellow; m. pt. 123®. 

Rh(CO) 2 Br is red-brown, m. pt. 118®. 

Rh(CO)jI is ruby-red, m. pt. 114°. 

“»• W. Manchot and J. K6nig, Ber. 1926, 58, 2173. 



IRIDIUM 

Iridium was discovered along with osmium by Tennant in 1804, and was 
so called from tplBio^ (rainbow-coloured) owing to the brilliant colours of 
many of its compounds. It is always found in nature in the metallic state, 
usually as a natural alloy with osmium (‘osmiridium*), but sometimes also 
in native gold. 

In its compounds it has a series of valencies, 1, 2, 3, 4, probably 5 and 
6 , but it is only in the valencies of 3 and 4 that it forms more than a few 
compounds (see summary above, p. 1611). Like its neighbours it does not 
seem to ionize at all, and its apparently simple compounds are no doubt 
really complex. 

Metallic Iridium 

Iridium is a silver-white metal, very hard, with the highest melting- 
point (2,450°)^^^^ of all the platinum metals except osmium, and the 
smallest compressibility of any known metal.^^®^ It has been recom¬ 
mended as superior to platinum for making crucibles^^^^; its hardness 
makes it less Liable to mechanical injury; it is not attacked at any tempera¬ 
ture by carbon, sulphur, lead, nickel, or gold; it is not acted on by aqua 
regia, nor by fused alkalies. It is oxidized on heating, but the massive 
metal only superficially. Iridium is readily attacked by chlorine at a red 
heat, and by potassium sulphate or a mixture of the hydroxide and nitrate 
on fusion. The powdered metal is oxidized by air or oxygen at a red heat 
to the dioxide Ir 02 , which on further heating dissociates again into its 
elements at 1,140°. 

If it is fused with zinc and the alloy extracted with hydrochloric acid, 
the resulting powder is explosive (Bunsen), apparently owing to occluded 
hydrogen or oxygen. Rhodium and platinum behave in the same way, 
but not palladium or osmium.^^^ 

Iridium arid Hydrogen 

Iridium foil normally absorbs hydrogen only on the surface; but if it is 
disintegrated by prolonged heating it can take up as much as 800 times its 
volume of hydrogen in the cold. If it is used as a cathode the hydrogen 
gradually enters into the metal.^^^® There is, however, no reason to think 
that any definite compound is formed. 

Iridium and Phosphorus 

X-ray and tensimetric studies of the system Ir—P show no compounds 
except IrPg and IrgP; the latter melts at about 1,360°.^^®® 

F. Henning and H. T. Wensel, Bur, Stand, J, Res 1933, 10, 809. 

E. Gruneisen, Ann, Phya, 1908, [4] 26, 394. 
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Mono- and Divalent Iridium 

MONOVALENT IRIDIUM 

The only compounds in which it can be maintained that iridium is 
monovalent are the mono-halides. The evidence for the individuality of 
these compounds is not very satisfactory, and in particular no examination 
of their crystal structures has been made, but on the whole it seems prob¬ 
able that they exist. The mono-fluoride probably occurs, but is the least 
certain of them (see below under iridium tetrafluoride, p. 1543). The 
monochloride IrCl is made^^^’ by heating the trichloride, when it loses 
chlorine to give the dichloride IrClg, the monochloride, and finally metallic 
iridium. In a stream of chlorine at atmospheric pressure (i.e. at 1 atm. 
dissociation pressure of chlorine) the monochloride is stable from 773® to 
798® (as with the lower chlorides and oxides of rhodium these temperature 
ranges are rather small). It forms copper-red crystals of specific gravity 
10*18; like the dichloride and the trichloride it is insoluble in acids, even 
in concentrated sulphuric acid, and in alkaline solutions. It sublimes 
in chlorine at 790®, and above 798® breaks up into chlorine and metallic 
iridium. 

The corresponding bromide and iodide are also known.^^^® Iridium 
monobromide IrBr is made like the monochloride by heating the dibro¬ 
mide to 485®; it is a dark brown substance, which is stable in the cold, 
and very slightly soluble in water, acids, or alkalies. Iridium monoiodide, 
made in the same way from the di-iodide at 355®, is a black substance 
closely resembling the bromide in its properties. 

There are no other substances in which iridium can be supposed to be 
monovalent. 

DIVALENT IRIDIUM 

There are several compounds in which iridium is divalent: a monosul¬ 
phide, three if not four dihalides, and a small number of complexes, includ¬ 
ing cyanides, ammines, and sulphito-compounds. 

Iridium Monosulphide^ IrS 

This is formed when the metal burns in sulphur. It looks like galena. 

A curious sulphur derivative of divalent iridium is the mercaptide 
Ir(S * Et) 2 ^^®®; it consists of orange crystals which are formed with evolu¬ 
tion of heat and of hydrogen chloride when iridium trichloride comes in 
contact with ethyl mercaptan. Palladium and platinum behave in the 
same way. 

Iridium Difluoride 

This is the least certain of the dihalides, but there is little doubt that it 
is among the lower halides formed by heating the tetrafluoride (see 
IrF^, p. 1543). 

L. W6hler and S. Streicher, Per. 1913, 46, 1677. 

F. Krauss and H. Gerlach, Z, anorg. Chem, 1926, 147, 265. 

11*® K. A. Hofmann and W. O. Rabe, ib. 1897, 14, 293. 
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Iridium Dichloride 

This is made in the same way as the monochloride, by heating the 
trichloride.^^^’ Under 1 atm. pressure of chlorine it is stable only between 
763° and 773°. It closely resembles the monochloride ; it forms brown 
crystals which are insoluble in water, acids, and alkalies. 

Iridium Dibromide^^^ 

This is made by heating the hydrated tribromide IrBr 8 ,H 20 , or by the 
action of hydrogen bromide on the tetrahydroxide Ir(OH )4 at 440°. It is 
brownish-red, stable in the cold, and very slightly soluble in water. 

Iridium Di-iodide^^^ 

It is made by heating the tri-iodide at 330°. It is black, very slightly 
soluble in water or acids; it is soluble in alkalies on boiling. 

COMPLEXES OF DIVALENT IRIDIUM 

These comprise a few cyanides, ammines, and sulphito-compounds. 

Complex Cyanides 

These salts^^®® are of the type M 4 [Ir(CN)e] and are colourless; they are 
made by the gentle ignition of potassium ferrocyanide with iridium. 

Ammines 

A few diammines and tetrammines, such as [Ir(NH 3)21804 and 
[Ir{NH 3 ) 4 ]Cl 2 have been described, but there is no recent confirmation 
of their existence. 

Complex Sulphito-compounds^^^ 

When iridium trichloride is treated with sodium hydrosulphite in 
neutral solution, the iridium is reduced to the divalent state, and the 
complex sulphite Nae[Ir(S 03 ) 4 ], 10 HgO is produced, as a bright yellow 
crystalline substance. Another sulphite Na 3 H 2 [Ir(S 03 ) 5 ] 4 H 2 O, has also 
been described. In these compounds it is to be presumed that most of the 
SO3 groups are only attached to the iridium by a single link. 

TRIVALENT IRIDIUM 

This is the chief valency of iridium, and it provides numerous com¬ 
pounds, both ‘simple’ and complex. The standard redox potential for 
Ir'' Ir'" is 1'017 V. at 20°.ii«2 

Iridium Sesquioxide^ 

This oxide can be made by igniting the iridichloride K 2 lrCl 3 with 
sodium carbonate, when carbon dioxide and oxygen are evolved, or in the 

Martiufl, Ann. 1861, 117, 367. 

G. Sailer, Z. anorg. Chem. 1921, 116, 209. 

p, Dwyer and R. S. Nyholm, Proc. New S. Wales, 1944, 78, 266. 

L. Wdhler and W. Witzmann, Z. anorg. Chem. 1907, 57, 323. 
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hydrated form as Ir(OH )3 by adding potassium hydroxide solution to the 
iridochloride KaIrCia in a carbon dioxide atmosphere. This hydrated 
oxide forms a yellow-green or blue-black precipitate, soluble in alkali, 
which on heating loses water and turns black. It very readily assumes the 
colloidal form, which probably explains the change of colour. It cannot 
be got quite pure. If it is made in the dry way some alkali is retained, 
while the hydrated form begins at 400°, before all the water has been 
removed, to lose oxygen, forming a mixture of iridium dioxide Ir 02 and 
the metal. At 1,139° it (or this resulting mixture) decomposes into the 
metal and oxygen. 

Iridium Sesquisulphidey IrgSg 

This is precipitated by hydrogen sulphide from a solution of the sesqui- 
oxide in acids, as a brown substance, somewhat soluble in water. It can 
also be made^^®^ by heating the disulphide IrSg to a suitable temperature 
and pressure, the dissociation pressure of the sesquisulphide in contact 
with metallic iridium being 1*5 mm. at 944°. On further heating the 
sesquisulphide goes over directly to the metal and sulphur, without any 
intermediate formation of a monosulphide. 

Iridium Sesquiselenide, 

This can be made from the elements by fusion at a red heat, or more 
conveniently by passing hydrogen selenide into a hot iridium trichloride 
solution, when the sesquiselenide is precipitated as an amorphous black 
solid, which is very resistant to attack; ordinary nitric acid has no action 
on it: aqua regia slowly dissolves it, and so does fuming nitric acid at 250°. 
The compound prepared in the dry way is a crystalline mass, which is even 
more resistant than the amorphous form. 

Iridium Trihalides 

All the trihalides except the trifluoride* are known, both in the anhy¬ 
drous state and in a series of compounds with the composition of hydrates, 
Ir(hal) 3 , X HgO, which are almost certainly complex acids, though little is 
known of their salts. The chlorides and bromides (but not the iodides) 
also form oxyhalides of the type of Ir(haI) 20 H, xHgO, which again are 
presumably complex acids. 

Iridium Trichloride 

This can be made by treating sodium iridiochloride NaglrCl^ with 
sulphuric acid and heating the product,but it is then impure^^®®-^; it 

♦ Indications of the probable existence of a trifluoride have been obtained. See 
below under iridium tetrafluoride, p. 1543. 
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is more conveniently prepared either by the action of chlorine on iridium 
powder at 600-620°,^^®*'^^^® or from the tetrahydroxide Ir(OH )4 by the 
action of chlorine at 600°, or hydrogen chloride at 310°.^^’® It has a large 
range of stability; it is formed from its elements at temperatures below 
100 °, and it does not decompose until 760°.^^®® The rate of chlorination of 
the metal is greater in presence of sunlight or ultra-violet light; the addi¬ 
tion of a trace of carbon monoxide diminishes the rate of reaction in the 
dark, but increases it in ultra-violet light.^^"^® 

Anhydrous iridium trichloride varies in colour according to its state of 
division, the fine powder (from a finely powdered metal at a lower tempera¬ 
ture) being olive-green, and the colour changing as the material gets 
coarser to brown or even blue-black; the colour thus depends on the fine¬ 
ness of the original metallic powder, and the temperature to which the 
chloride has been heated. The dissociation tension varies in the same way, 
owing presumably to the change in surface tension, and reaches 1 atm. at 
temperatures var 3 ring from 670° to 763°, the value for the sintered material. 
This conclusion has been supported by measurements of the grain size 
by means of the sedimentation and the absorptive power for methy¬ 
lene blue.^^®® 

Iridium trichloride forms a hydrate IrClg, 3 HgO (dark-green) which is 
made by heating the oxychloride (see below) in hydrogen chloride gas.^^’® 
Another hydrate IrClg, 1*5 HgO, has also been described. 

The oxychloride IrCl 2 (OH), is made by the action of hydrogen 

chloride on iridium tetrahydroxide Ir(OH) 4 . At ordinary temperatures the 
product is the trihydrate IrCl 2 (OH), 3 HgO, a dark green hygroscopic solid, 
very soluble in water. If this is heated in a stream of hydrogen chloride 
to 210 ° it is converted into a similar monohydrate. 

These hydrates, when dissolved in water, give a dark green solution of 
acid reaction, which presumably contains the acid H[IrCl 2 ( 0 H) 2 ], aq. 

Iridium Trihromide 

When the tri-hydroxide Ir(OH )3 is dissolved in aqueous hydrobromic 
acid, a blue solution is produced from which an olive-green compound 
IrBrg, 4 HgO separates. The water is readily lost at 100 °. A monohydrate 
IrBrg, H 2 O also occurs, which can be made by heating the oxybromide in 
hydrogen bromide to 100 °. The anhydrous compound can be made by 
dehydration of the hydrates, or by heating iridium dibromide IrBrg with 
bromine at 100 ° under pressure. 

An oxybromide IrBr 2 (OH), 3 and 1 H 2 O is also known; it is just like 
the oxychloride. 

Iridium Tri-iodide^^^ 

When the trihydroxide Ir(OH )3 is treated with hydriodic acid it is con¬ 
verted into Irlg, 3 H 2 O. At 120° this goes over into the monohydrate, 
and this again in vacuo at 200-250° into the anhydrous iodide Dark 
brown crystals, very slightly soluble in water and acids, soluble in alkalies 
on boilmg. 



Trivalent Complexes 1635 

Trivalent Iridium Sulphites 

If Ir( 0 H )3 is treated with sulphur dioxide in water, the sulphite 
Ir 2 (S 03 ) 3 , 6 HgO crystallizes out as a yellow precipitate which is scarcely 
soluble in water, but dissolves in dilute acids. 

Trivalent Iridium Sulphates 

By treating the trihydroxide Ir(OH )3 with sulphuric acid in the absence 
of air a sulphate Ir 2 (S 04 ) 3 , aq. can be prepared. From this a series of alums 
MIr(S 04 ) 2 ,12 H.O, where M = K, Rb, Cs, NH 4 Tl', were madeii’2^3; they 
are all yellow. Other double sulphates of complicated and obscure com¬ 
position were described by Del 6 pine.^^^^ 

COMPLEXES OF TRIVALENT IRIDIUM 
In the trivalent state iridium, like rhodium and cobalt, forms a very 
large number of complexes, both cationic and anionic. In all of them it 
has the co-ordination number 6. 

Iridicyanides, M 3 [Ir( CN) 

The free acid has been made from the barium salt with sulphuric acid; 
it is a colourless crystalline compound, very soluble in water. The potas¬ 
sium salt K 3 [Ir(CN 6 )] is got by fusing (NH 4 ) 2 lrCl 6 with potassium cyanide; 
it is colourless, stable, and not attacked by chlorine. 

N itrilo^complex 

Acetonitrile acts on a boiling solution of (NH 4 ) 3 [IrCle] in aqueous 
ammonium chloride to give the salt (NH 4 ) 2 [IrCl 5 (CH 3 'CN)]H 20 . The 
corresponding potassium salt has 2 

Amrnines 

There is a complete series of ammines having from 6 to 1 molecules of 
ammonia or an equivalent base attached to the iridium; the bases most 
examined are ammonia, ethylene diamine, and pyridine. Of acid radicals 
we have chlorine and bromine, NO 2 , and the oxalato-group. 

The ammines of trivalent iridium are remarkably stable, much more so 
than the corresponding cobaltic compounds; in fact they are among the 
stablest metal-ammine compounds known (Wemer^^®®); they can be boiled 

L. Marino, Oaz. 1903, 32, ii. 611. 

11’* Id., Z. anorg. Chem, 1904, 42, 213. 

ii’« M. Del6pine, G,R, 1906, 142, 1626; 1909, 148, 667; 149, lB5 ;Bua. Soc. 1909, 
[4] 5, 1084: C.R, 1910, 151, 878. 

11 ’® Martius, Ann, 1861, 117, 367. 

11’® V. V. Lebedinski and P. V. Simanovski, Ann, Sect, Platinet 1939, no. 16, 63. 

11” W. Palmaer, Ber, 1889, 22, 16. ii’» Id., ib. 1890, 23, 3810. 

ii’» Id., ib. 1891, 24, 2090. ii*® Id., Z, anorg, Chem, 1896, 10, 320. 

1181 Id., ib. 1897, 13, 211. ii8* E. Leidi^, C,R, 1902, 134, 1682. 

118* A. Miolati and G. Gialdini, Atti R, 1902, [v] 11, ii. 161. 

118® K. A. Hofmann and F. HOchtlen, Ber, 1904, 37, 246. 

118® M. Del^pine, Bvll, Soc, 1908, [4] 3, 901. 
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with potassium hydroxide without decomposition. They resemble the 
cobaltic compounds in composition, but not in colour; thus of the nitro- 
ammines the cobaltic compounds are deep yellow to brown, while those 
of iridium are colourless. But the complexes which have chlorine attached 
to the iridium are all coloured, and the colour is deeper the more halogen 
atoms the complex contains, passing from yellow to orange and then to 
green as the amount of halogens increases. 

Hexammines 

These compounds, for example [Ir(NH 3 ) 0 ]Cl 3 , can be made^^*® by treat¬ 
ing the chloropentammines with ammonia under pressure at 140°; the 
trichloride and tribromide are colourless: the tri-iodide is yellow. The 
hydroxide, which can only be got in solution, is a strong base. 

Of the chelate ethylene diamine compounds two series were prepared 
by Werner and Smirnoff,and resolved into their optical antimers. They 
are [Ir(e 7 i) 2 (N 02 ) 2 ]X and [Ir(en) 3 ]X 3 . They are colourless (the iodide is 
yellowish-pink)^^®® and extremely stable. 

Pentammines^ [IrAmgRJX^ 

In these compounds one of the six ammine groups is replaced by a neutral 
or acidic group. 

The (iqmpeiitamrnineSy [IrAm 5 (H 20 )]X 3 , are made^^’® by the action of 
boiling potassium hydroxide on the chloropentammines [IrAm 5 Cl]X 2 . 
The chloride [Ir(NH 3 ) 5 (H 20 )]Cl 3 when heated to 100 ° loses its water and 
goes over into the chloro-compound [Ir(NH 3 ) 5 Cl]Cl 2 . 

The chloropentammines, [IrAmsCljXa, are the best known pentammine 
series. They can be made,^^^^*^^^® along with the di-chloro- and the 
trichloro-compounds, by the action of hot ammonia solution on iridium 

1186 Strecker and M. Schurigin, Ber, 1908, 42, 1767. 

C. Gialdini, Atti R. 1907, [v] 16, ii. 651. Id., ib. 648. 

1189 ^ Werner and O. de Vries, Ann, 1908, 364, 77. 
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A. Duffour, ib. 872. 

1182 Vezes and A. Duffour, ib. 1910, [4] 7, 607. 

A. Duffour, ib. 612. n®* M. Del^pine, ib. 1911, [4] 9, 710. 

Id., C.R. 1911, 152, 1390. “»• A. Duffour, ib. 1393. 

Id., Ann, Chim, Phys, 1913, [viii] 30, 169. 

M. Del^pine, Bull, Soc, 1911, [4] 9, 771. 
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Id., Ann, Chim, Phya, 1923, [9] 19, 146. 
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trichloride or on the complex halides MalrClg and MgIrCle. The chloride 
[Ir(NH 3 ) 5 Cl]Cl 2 forms red crystals, fairly soluble in water. A series of 
salts (CI 2 , Brg, (N 02 ) 2 , SO 4 , etc.) have been prepared’^®; the chlorine in 
the cation is not preci})itated by silver nitrate. They resemble the corre¬ 
sponding compounds of trivalent chromium, cobalt and rhodium, but they 
are decomposed by chlorine, which the rhodium complex is not. The 
chloride gives with moist silver oxide a hydroxide 

[Ir(NH3)5Cl](0H)2,H20,i’^«-i2i2 

buff-coloured crystals, very stable, losing its water of crystallization only 
slowly in a vacuum at 140°; it is a strong base. 

The corresponding bromo-compounds are also known. 

Nitro-pentammines, [IrAm 5 (N 02 )]X 2 ^^®^ 

They can be made from the chloropentammines through the aqiio- 
complexes, the chloride of which gives with silver nitrite the nitrite 
[Ir(NH 3 ) 5 H 20 ](N 02 ) 3 , and this on heating (like the chloro-compound 
above) loses water and forms the nitro-salt [Ir(NH 3 ) 5 N 02 ](N 02)2 from 
which the other salts can be made. With hydrochloric acid, for example, 
this gives the chloride [BJClg, a colourless salt easily soluble in water; like 
the other nitro-complexes of trivalent iridium it is very stable; in solution 
it is not attacked by 15 per cent, hydrochloric acid, concentrated nitric 
acid, or aqua regia, all at their boiling-points, or by cold strong sulphuric 
acid. Sol^®« [B]Cl 2 7-9/25°; [B]l 2 (colourless) 3-45/16°; [B](N 03)2 20/14°. 
The sulphate [B]S 04 is rather slightly soluble in water, and forms an acid 
sulphate. 

Tetrammines^ [IrAm^RgJX^ 

In the complexes R always seems to be an acid radical, and so 7 i is 1 . 

Dichloro-tetrammines [IrAm 4 Cl 2 ]X. They are formed when an ammonia 
solution acts on iridium trichloride or its complexes at the boiling-point,^^’^'^ 
or when concentrated hydrochloric acid acts on the dinitro-compound in 
a sealed tube at 130-135°.^^®^ They could of course occur in two forms, 
cis and trans, but the properties of Palmaer’s substances^’^'^'^ and Werner’s^^®^ 
are near enough to show that they were dealing with the same isomers. 
No example of isomerism in this group has yet been detected. 

The dichloride [Ir(NH 3 ) 4 Cl 2 ]Cl forms yellow crystals; it is not affected 
by boiling with concentrated hydrochloric acid, and silver nitrate preci¬ 
pitates the ionized chlorine at once, but the chlorine of the complex only 
very slowly. The corresponding monobromide and monoiodide are also 
yellow ; soP chloride 5*73/25°’^®’’'; bromide 3*85/23° ; iodide 1*25/18°. 

A similar pyridine derivative^^oe jg [Ir(NH3)py3Cl2]X. See further, 
reference 

The corresponding en compounds [Ir (en) 2 (N 02 ) 2 ]X, already mentioned, 

I. K. Pschenitsin and S. E. Krasikov, Ann, Inst, PkUine, 1933, 11, 13. 

B. E. Dixon, J,C,S, 1934, 34. 
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are very stable, and the NOg groups can only be removed by some hours’ 
heating with concentrated sulphuric acid; they have been resolved into 
their optical antimers,^^®^ and so must be cis complexes. 

Triammines 

All the known triammines of trivalent iridium contain three acid 
radicals, and accordingly are non-electrolytes. 

The trichloride [Ir{NH 3 ) 3 Cl 3 ]° is one of the products of the action of hot 
ammonia solution on iridium trichloride or its complexes.^^^'^»^^®^ It is 
yellow or orange, insoluble in water, and hard to purifyThe pyridine 
derivative [Ir is also yellow; it occurs in two forms (cis 

and trans), both of which are insoluble in water but soluble in chloroform. 

The trinitro-compound [Ir(NH3)3(N02)8]®^^®^ is a pale yellow substance, 
soF 0*389/25®: even at the boiling-point the solubility is small. It can be 
boiled with 1:1 hydrochloric acid, or 1:5 sulphuric, or even concentrated 
nitric acid without decomposition. The molecular conductivity of the 
solution at V = 1,000 is only 9*4 even after 15 minutes’ heating at 60®. 

This complex is much more stable than its cobalt analogue; for example, 
it is not affected by long boiling with water, which at once decomposes 
the cobalt compound, nor even by heating to the boiling-point with 
potassium hydroxide solution or concentrated hydrochloric acid, which 
react with the cobalt compound in the cold. 

Diammines 

All the known diammines contain either pyridine or picoline, but never 
ammonia. 

One of them [Ir py2(H20)Cl3]® is of the non-salt type. It is peculiar in 
separating from water as a trihydrate, which behaves as an acid, being 
soluble in alkalies, and probably is really the complex acid 
H[Ir py 2 (OH)Cl 3 ], 3 

At 140-145° it loses its water and becomes insoluble; it is evident that the 
hydrogen ion recombines with the hydroxyl group as soon as the water 
molecules which solvate it in the hydrate are removed. The remaining 
diammines all contain 4 acid radicals, and so are monovalent anions. The 
tetrachloro-diammines M[Irpy 2 Cl 4 ] are made by the action of pyridine 
on the iridiochloride M 3 [IrCl 8 ]; they occur in cis and trans forms, which 
are yellow and orange respectively.^^®^'^^^^^® The corresponding bromine 
compounds are also known .^214 

Monammines 

M 2 [Ir(NH 3 )Cl 5 ] can be made by boiling (NH 4 ) 2 [IrCle] with ammonium 
acetate solution.^^i? P3rridine series M 2 [Ir pyCy is made from the 

Mme M. Del6pine-Tard, Ann. Chim. Phys. 1936, [10] 4, 282. 

Id., C.jR. 1935, 200, 1477. ; M. Del6pme, ib., p. 1373. 

«« Id., Rec. Trav. 1940, 59, 486. 

1117 Lebedinski and N. A. Balitzkaja, Awn. Inst. Platine, 1938, 15, 13. 
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aquo-compound M 2 [Ir(H 20 )Cl 5 ] with pyridine .^^^^“^*^202 They are yellow 
or orange salts, and of considerable stability; the free acid, though it 
cannot be isolated, can be extracted from its aqueous solution with amyl 
alcohol, to which it communicates a beautiful violet colour, like that of a 
solution of iodine in carbon disulphide. An analogous hydrazine derivative 
M[Ir(N 2 H 3 )Cl 5 ] has been obtained.^^®^ 

DimethyUglyoxime-compounds 

Dimethyhglyoxime 

CH 3 —C-C—CH 3 

II I (= DH*) 

NOH NOH 

acting as a monovalent chelate group DH forms with the iridiochloride 
(NH 3 ) 4 [IrCle] the di-chelate free acid H[Ir(DH) 2 Cl 2 ], which has not been 
isolated, but of which the potassium (2 HgO) ammonium (1 HgO), guani¬ 
dine, and platino-tetrammine [Pt(NH 3 ) 4 ] salts have been prepared. 

H exanitro-iridates 

These are formed^^®^ by the continuous treatment of a tri- or tetra- 
valent iridium solution with potassium nitrite; the salt K 3 [Ir(N 02 ) 6 ] is 
colourless and only slightly soluble. 

Phosphorus Trihalide Complexes 

Iridium powder reacts with phosphorus pentachloride to give iridium 
trichloride, and if excess of phosphorus trichloride is added to the product 
the compound IrCl 3 (PCl 3)3 is formed^^®®; a corresponding bromide 
IrBr 3 (PBr 3)3 can be made in the same way. These compounds are 
insoluble in water, and on boding are slowly dissolved by it with decom¬ 
position. Their structures have not yet been determined. 

Thiourea Complexes 

Thiourea CS(NH 2)2 (= T) reacts directly with sodium iridiochloride 
NaglrCle to give a series of compounds [IrT 3 Cl 3 ]®:[IrT 4 Cl 2 ]Cl:[IrT 5 Cl]X 2 
(X = Cl, CIO4, |Ox, iPtClJ), and finaUy, [IrTeJC^.^^is 

Complex Polysulphides^^^'^^ 

By saturating ammonium sulphide solution with sulphur, adding this 
to a solution of iridium trichloride, and leaving this to stand for some 
months, brown crystals of the composition (NH 4 ) 3 lrSi 5 are got. There is 
a corresponding (NH 4 ) 2 PtSi 5 , 2 H 2 O. It is assumed that the iridium is 
trivalent, and that the sulphur forms three divalent 85 groups: the change 
of valency on replacing iridium by platinum supports this. 

1818 V. V. Lebedinski and I. A, Fedorov, Ann. Sect. Platine, 1938, 15, 27. 

1.1. Lebedinski, E. S. Schapiro, and N. P. Kasatkina, Ann, Inst, Platine^ 1935 

12, 93. 
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Trioxalato-saltSy M 3 [IrOx 3 ] 

These can be made by the action of an oxalate solution on a dichloro- 
oxalato-salt, or by boiling hydi’ated iridium dioxide with a solution of 
oxalic acid.^^®^~® The free acid, H 3 [IrOx 3 ], ti H 2 O, is an easily soluble 
solid; the potassium salt (4 HgO yellow, slightly soluble in cold water, 
easily in hot), silver (3 HgO), and barium (5 HgO) are known.^^®^ The 
complex has been resolved through the strychnine salt^^®®'^^®®; it does not 
racemize even at 120 °, but does so considerably on standing for 2 years 
in the cold. The rotatory power is enormous, and highly dependent on 
wave-length; the molecular rotation for the potassium salt at 6,800 A is 
1,530°, and at 4,790 A it is 16 , 340 °.i 2 oo 

Hexahalide Complexes 

The ‘chloroiridates’ or iridiochlorides M 3 [Ir(hal) 3 ] are prepared^^®^*^^®® 
by reducing the tetravalent iridates, most conveniently with an oxalate: 

2 M3[IrCle] + M2C2O4 - 2 M3[IrCle] + 2 COg. 

The dry crystals are olive-green. The sodium salt has 12 molecules of water. 
Solubilities of the other salts at 20 ° are: NH 4 9-5; Rb 110 ; Cs 200 . 

The corresponding bromides M 3 [IrBr 5 ] can also be made,and are 
remarkable for the extent of their hydration: K, 4 HgO; Rb, HgO; CSjHgO. 

Pentahalide Complexes 

These are all of the aquo-type M 2 [Ir(H 20 )(hal) 5 ]. The chloro-salts 
M 2 [Ir(£[ 20 ) 015 ] are got from the mother liquor of the preparation of the 
hexachloro-compounds by reduction of the hexachloro-iridates, as described 
above. They are strongly coloured; their so£®® at 19° are^^®^: K, 9 - 2 ; 
NH4, 15-4; Rb, 105; Cs, 0-83. 

The pentabromo-salts have also been made.^^^® 

Tetrahalide Complexes 

The only known types contain 4 chlorine atoms along with 2 NO 2 
groups or an oxalato. 

Diniiro-tetracMorO'Salts. These are formed by the action of potassium 
nitrite^^®® or nitrous fumes^^®® on the hexachlorides; they are yellow; the 
potassium salt is easily, and the caesium salt only slightly, soluble in 
water.^^®® 

OzalatO’tetracMoro-saltsP^^ The sodium salt Na 3 [Ii’Cl 40 x] can be made 
by the action of sodium oxalate on the hexachloride NaglrCle- It is dark 
red. The free acid H 3 [IrCl 40 x] crystallizes out from its solution on 
evaporation in vacuo, but it is too unstable to be recrystallized. 

The further action of the oxalate converts the salt into the dioxalato- 
dichloride M 3 [IrCl 20 x 2 ]. 

Trihalide Complexes 

The only example of this class seems to bte the mixed oxalato-complex 
M3[IrCl3(N02)0x].i®ii 
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Dihalide Complexes 

These again contain chlorine atoms, NO 2 groups, and oxalato-groups 
mixed in various proportions. 

The dichloro-tetranitro-compounds, of the type M 3 [IrCl 2 (N 02 ) 4 ]^^®® are 
made by warming the tetravalent NaglrCl®, 6 HgO with sodium nitrite. 
The sodium salt forms yellow crystals with 3 and 2 H 2 O; sol^ 100/25''. 
The potassium salt is anhydrous, yellow, sol^ 5/20°. The cupric salt is 
soluble, the lead salt insoluble. The potassium salts of the chloro-nitro- 
acids form a series, with a continuous change of colour and solubility: 

K3[IrCle], 3 H 2 O. K3[IrCl4(N02)2] K3[IrCl2(N02)4] K3[Ir(N02)e] 

Yellow-green Grolden yellow Pale yellow White 

Very sol. water. Easily sol, water. Fairly sol. water. Very slightly sol, 

Dichloro-dinitro-oxalato4ype, M 3 [IrCl 2 (N 02 ) 20 x ].^^^2 ® The potassium 
salt (1 HgO) can be made by the action of concentrated potassium nitrite 
solution on K 3 [IrCl 20 x 2 ]; it is an orange-yellow salt stable to boiling 
water. It loses its water of crystallization at 120 °, and decomposes at 
150°. The silver salt (pale yellow) gives with hydrochloric acid an orange- 
yellow solution of the free acid, which liberates carbon dioxide from 
carbonates, but decomposes on evaporation. Other salts are: Li, 2 HjO, 
very deliquescent; NH 4 (2 HgO), Rb, Cs anhydrous. 

Dichlorodioxalato-complexeSf M3[IrCl20x2] 

These can be made^^®^^ by the action of potassium oxalate on an iridi- 
or irido-hexachloride M 3 or M 2 [IrCle], or on the tetrachloro-compound 
M 3 [IrCl 40 x].^^®’ The complex is very stable, being unaffected by boiling 
with water, and giving no tests for chloride or oxalate ions. From the silver 
salt, on the addition of hydrochloric acid and evaporation, the free acid 
H 3 [IrCl 20 x 2 ], 4 HgO can be got in red hygroscopic crystals. Other 
salts^^®^ are Li, 8 HgO: Na, 8 HgO, very soluble; NH4, HgO: Rb, 4 and 
1 bright red, less soluble than the potassium salt; Cs, HgO: 

Ag, 3 H 2 O. 

This complex occurs in two forms, cis and trans ; th« da form is asym¬ 
metric, and has been resolved.^^®® The cis and irans forms are produced 
together: the cis goes over into the traus on heating for an hour in potas¬ 
sium chloride solution at 130°. The two forms have the same ruby-red 
colour, but that of the cis form is twice as intense as that of the trans}^^ 

TETRAVALENT IRIDIUM 

Tms is for iridium the most stable valency after 3, and the compounds 
are as a ride easily obtained by the oxidation of the trivalent series. The 
reduction potential of trivalent IrCl® at 25°, referred to a normal hydrogen 
electrode, is L 021 volt.,^®®® and the heat of reaction — 30*4 k.cals. It 
follows that the oxidation of IrOJ' to IrClJ'' by chlorine at 1 atm. 
pressure is practically complete. 

S. C. Woo, JJL.C.S, 1931, 53. 469. 
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The ‘simple’ compounds of tetravalent iridium are the dioxide and its 
hydrate, the disulphide, the four tetrahalides (or some of them), and prob¬ 
ably a sulphate. 

Iridium Dioxide^ IrOg 

This can be made in the anhydrous and in the hydrated form by a 
variety of methods, as by heating powdered iridium in air or oxygen: or 
by heating a solution of M 2 lrClft or MglrCle with alkali, air or oxygen 
being blown through the liquid in the latter case.^^^^ It is very difficult 
to get it in the pure condition; when made by oxidation of iridium it is 
liable to contain free metal, and when made in the wet way it cannot be 
completely freed from the alkali used to precipitate it (which is probably 
adsorbed and not combined). The pure dioxide and its hydrate were 
made^ 2^2 by adding alkali drop by drop to the boiling (and considerably 
hydrolysed) iridium tetrachloride solution until the brown solution just 
turned blue; thus there was no excess of alkali to be adsorbed by the blue 
flocculent precipitate. In a vacuum this dries to a blue-black powder of 
the composition IrOg, 2 HgO, or Ir(OH) 4 . In dry nitrogen at 350° it loses 
all its water, and a black powder of IrOa remains. 

The dissociation tension of oxygen in the system iridium-oxygen 
indicates^^*® the formation of Ir 02 and a higher oxide, perhaps IrOg, but 
no lower oxide: there is no sign of either IrgOs or IrO being formed, though 
(p. 1532) the former (but not the latter) of these can be made by indirect 
methods. 

Iridium dioxide has a rutile lattice, like the dioxides of ruthenium and 
osmium. It does not begin to lose oxygen below 650°.^^24 hydroxide 
is a blue-black amorphous powder, insoluble in sulphuric acid but dis¬ 
solving in hydrochloric acid to form HgIrCle; it is almost insoluble in 
alkali. It readily forms a violet or blue colloidal solution. 

Iridium Disulphide^ IrS 2 

Tensimetric measurements of the system iridium-sulphur show^*^® that 
the only sulphides there produced are 1 x 283 , IrSg, and IrgSg, although the 
trisulphide IrSg can probably be made by the action of excess of sulphur 
on iridium trichloride (see p. 1547). This is supported by Debye-Scherrer 
diagrams, which indicate a pseudo-pyrites structure for IrgSg which is 
not foimd with IrSg. 

The production of the disulphide by the action of hydrogen sulphide 
on a tetravalent iridium solution wa« denied by Claus; but Antony^**® 
got in this way from KglrClg a brown precipitate of the composition 

L. W5hler and W. Witzmann, Z, anorg, Chem, 1908, 57, 323. 

lau y. Krauss and H. Gerlach, ib. 1925, 143, 125. 

L. Wdhler and W. Witzmann, Z. EUktrochem. 1908, 14, 97. 

S. Pastordlo, Aui JR. 1928, [vi] 7, 754. 

im Biltz, J. Laar, P. Erhlich, and K. Meisel, Z. anorg, Chem, 1937, 233, 257. 

^ U. Antony, Qax 1893, 23, i. 184. 
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2 IrSg^IrgSg. That some reduction of the iridium had occurred was shown 
by the presence of sulphuric acid in the solution. 

Iridium Diselenide and Ditelluride have been prepared^^^^ by the reduc¬ 
tion of the tri-compounds IrScg and IrTcg with hydrogen at 600°; the 
diselenide is also formed when the trichloride is heated with excess of 
selenium in a stream of carbon dioxide or nitrogen at 600° until it ceases 
to lose weight. 

These are greyish crystalline substances, which are stable to acids. 

Iridium Tetrahalides 

Though there are numerous complex salts derived from all the tetra¬ 
halides except the iodide, it is not certain how many of the binary tetra¬ 
halides of iridium have been isolated, and probably none of them have 
been got in a really pure state. 

Iridium Tetrafluoride 

This is a by-product in many of the reactions of iridium hexafluoride; 
it is made (along with chlorine fluoride) by treating the hexafluoride with 
chlorine, or better by heating it with the necessary amount of metallic 
iridium in a quartz tube to 150°.^^^® The volatile hexafluoride disappears, 
and a scarcely volatile viscous yellow oil with a choking smell is jjroduced, 
which is the tetrafluoride. It is very sensitive to moisture, and soon 
decomposes in air; it is instantly hydrolysed by water to the tetra- 
hydroxide Ir(OH )4 and hydrogen fluoride. By careful heating it can be 
sublimed unchanged. On stronger heating it gives off fluorine, and a 
variety of dark or metallic-looking products are formed. These are also 
formed when iridium hexafluoride is heated with excess of the metal, and 
they are all converted into the tetrafluoride by heating with the hexa¬ 
fluoride. It seems probable that they are the lower fluorides IrFg, IrFg, 
and IrF (or some of them), corresponding to the lower chlorides. 

Iridium Tetrachloride 

A hydrated form of this, probably a hydroxo-acid (like the hydrates 
of the iridium trihalides), can be got by the action of chlorine or aqua regia 
on the ammonium salt (NH 4 ) 2 [IrCle].^^^® It loses water on heating, but still 
retains some of it at 100°, at which temperature, even in a stream of 
chlorine, it loses chlorine.^*^^^ Hence the dissociation tension of chlorine 
over partly hydrated tetrachloride at 100° is more than an atmosphere. 
Anhydrous iridium trichloride enclosed with liquid chlorine in a sealed 
tube and heated to 60° (i.e. under 20 atm. pressure) combines with it 
slowly,^*®^ but no pure product could be obtained. The tetrachloride may 

L. Wdhler, K. Ewald, and H. G. Krall, j5er. 1933, 66, 1638. 
ia*8 Kxiif and J. Fischer, Z, anorg, Ghent. 1929, 179, 161. 

A. Gutbier, Z. phyaikal, Ghent. 1910, 69, 304. 

M, Del6pine, BvU. Soc. 1911, [4] 9, 829. 

L. W5hler and S. Streicher, Ber. 1913, 46, 1577. 

Yy 


6114.2 
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be formed^*®* when chlorine acts on the tetrahydroxide Ir(OH) 4 , but it was 
not isolated. 

The impure tetrachloride is a deep brown hygroscopic mass, deliquescing 
in the air to a brown liquid that looks like bromine. 

Iridium tetrabromide, IrBr 4 , probably does not exist.A solution of 
the acid HglrBre decomposes on evaporation, even in the cold. 

Iridium tetraiodide Irl 4 has probably never been isolated. 

Iridium Sulphate, Ir( 804)2 

Berzelius obtained a yellowish-brown compound of this composition 
by oxidizing the sulphide IrSa with nitric acid. His work was confirmed 
by Rimbach and Korten.^®®"^ They considered the product to be a true 
tetravalent derivative of this structure, but they say that on treatment with 
alkalies it gives compounds containing trivalent iridium. 

COMPLEXES OF TETKAVALENT IRIDIUM 
The complexes of tetravalent iridium are not very numerous; they 
include a few ammines, certain oxalato-derivatives, and a good many 
hexahahdes (the chlorides the most stable, the bromides rather less so, 
and only one or two fluorides known). 

Ammines . 

Tetravalent iridium seems to be much more stable in co-ordination with 
oxygen or the halogens than with nitrogen, and so in complex anions than 
in complex cations. Very few cationic ammine complexes of it are known. 
The tetrammine [Ir(NH 3 ) 4 Cl 2 ](N 03)2 can be made by treating Ir(NH 3 ) 2 Cl 2 
with concentrated nitric acid. It is soluble in water, and with hydrochloric 
acid gives the chloride [Ir(NH 3 ) 4 Cl 2 ]Cl 2 , from which silver nitrate preci¬ 
pitates only half the chlorine. The other ammine compounds are either 
neutral or negatively charged, and seem to be formed only by organic 
bases like pyridine or quinoline, not by ammonia. 

Nmtral Compounds. If iridium tetrachloride is treated with pyridine 
in alcoholic solution it forms a brown substance Ir(py) 2 Cl 4 .^®^® Similar 
picoline and quinoline derivatives can be mode. Ir(py) 2 Cl 4 can occur in 
two different forms,^®^® obtainable respectively from the orange and the 

F. Krauss and H. Gerlc^ih, Z. anorg. Chem. 1926, 147, 266. 

A. Gutbier and M. Riess, Ber. 1909, 42, 3906. 

E. Rimbach and F. Korten, Z. anorg, Chem, 1907, 52, 406. 

M. Del^pine, BvU, 800 , 1908, [4] 3, 901. 
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«»» M. DeWpine, C,R, 1911, 152, 1390. Id., ib. 1689. 

A. Gutbier and D. Hoyermann, Z, anorg, Chem, 1914, 89, 340. 

M. Del4pine, Ann, Chim, Phys. 1917, [9] 7, 277. 

Id., BuU, Soc, 1917, [4] 21, 167. 

A. Gutbier and B. Ottenstein, Z. anorg. Chem. 1914, 89, 344. 

E. H. Archibald and J. W. Kern, Trans. Boy. Soc. Canada, 1917/18, iii. 11, 7. 
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red form of the trivalent iridium salt M[Ir(py) 2 Cl 4 ]; they presumably are 
the cis and irana isomers. 

The anionic pentachloro-pyridine derivative M[IrCl 6 py] can be 
made^^®®"® by oxidizing the corresponding trivalent salts M 2 [IrCl 5 py] with 
chlorine, nitric acid, or aqua regia, but not with other oxidizing agents 
such as hydrogen peroxide or chromium trioxide. The salts are dark red. 
The sodium salt is hydrated; the other salts prepared were anhydrous, 
and their sol‘®« at 15-20° are: NH 4 , 0*61; K, 0-69; Rb, 0‘083; Cs, 0*030. 
They are very stable to acids; the pyridine can only be removed by heat¬ 
ing in a sealed tube with concentrated hydrochloric acid to 150-160°. 

Oxalato-complexes^^ 

The trioxalato-compound K 2 [Ir(C 204 ) 3 ], 4 H 20 is made by heating the 
hexachloride K 2 [IrCle] with potassium oxalate. It has been resolved 
through its strychnine salt.^^^^ 

Hexahalides, M 2 [Ir(hal)g] 

These are the most important class of derivatives of tetravalent 
iridium. 

Hexafluorides^ M 2 [IrF^]^’^ 

By heating powdered iridium with potassium plumbifluoride K^HPbFg 
the crystalline salts K 2 lrF 0 and PblrFe were obtained. Their absorption 
spectra were measured. There seem to be no other records of hexafluorides 
of this type. 

Hexachlorides^ M 2 [lrCl 0 ] 

These can be made by mixing potassium or sodium chloride with 
iridium powder, and heating in chlorine, or by adding the alkaline chloride 
to a solution of iridium tetrachloride, or of iridium tetrahydroxide in 
hydrochloric acid.^ 236,1241 phey form dark red crystals with a green reflex, 
or a deep red powder. They are slightly soluble inK)old water, readily in 
hot; they are slowly hydrolysed by water, and are best recrystallized 
from 10 per cent, hydrochloric acid. The concentrated aqueous solution 
is brownish-red, the dilute solution yellow. The solubilities of some of 
these at 19° are^234-6,i244. large; K, 1*25; NH 4 , 0*69; Rb, 0*0556; 

Cs, 0 * 0111 . Many salts of organic bases^^®®*^^® and of the complex ammines 
bases of trivalent chromium and cobalt^^^® have been made. 

Hexobromidesy M 2 [IrBrg] 

These can be made^^s? from the bright blue solution obtained by dissolv¬ 
ing the tetra-hydroxide Ir(OH )4 in hydrobromic acid. On standing, this 
solution, which no doubt contains the free acid HglrBr®, turns green and 
evolves bromine. The acid solution can also be made by treating iridium 
tetrachloride with hydrobromic acid and bromine. 

A, Benrath, W. Bucher, and H. Eckstein, Z, anorg, Chem. 1922, 121, 347. 

H. I. Schlesinger and M. W. Tapley, 1924, 46, 276. 
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The salts are all deep blue-black crystals, forming a dark blue powder, 
and giving a bright blue solution, which decomposes on standing, with 
evolution of bromine: it is more stable in presence of hydrobromic acid, 
and still more if a small quantity of bromine is added; the salts can be 
recrystallized from this last solvent. The hexabromides are in general 
more soluble than the hexachlorides. Thus the ammonium salt is easily 
soluble in cold water, the rubidium and caesium salts slightly, the potas¬ 
sium salt more so. The salts of the chromammine and cobaltammine 
bases have also been made.^^^® The fact that the bromides are less stable 
than the corresponding chlorides is clearly shown by their greater ten¬ 
dency to evolve halogen, for example, on standing in solution. The hexa- 
iodides Mglrlg have never been prepared. 

[PENTAVALENT IRIDIUM 

Now that the supposed IrV^ has been shown^^^® to be the hexavalent 
oxyfluoride IrF 40 (see p. 1548) there is no evidence for the existence of 
pentavalent iridium.] 

HEXAVALENT IRIDIUM 

Ibipium forms a trioxide, a trisulphide, a triselenide, and a tritelluride, 
IrOa, IrSg, IrScg, IvTe^, in which it may have a valency of 6; but as we do 
not know the crystal structure, some of these may really be compounds of 
tetravalent iridium, containing the groups 0-0, S-S, etc. There are, how¬ 
ever, two other compounds in which iridium must have a valency of 6, the 
hexafluoride IrF®, and an oxyfluoride which presumably has the formula 
IrF^O, and which has been shown to contain the iridium in the hexa valent 
state. 

Iridium Trioxide^ IrOg 

This compound cah be made^^^® by igniting iridium with potassium 
hydroxide and nitrate; by fusing iridium with sodium peroxide; by heat¬ 
ing iridium dioxide containing caustic potash in oxygen; or by the anodic 
oxidation of a blue strongly alkaline iridium dioxide solution at 20°. It 
can never be obtained free from alkali, and it never contains more than 
17*7 per cent, of oxygen, the theoretical percentage being 19*9 (IrgOg, 
which would correspond to IrgSg, the highest sulphide obtained by Biltz 
from the elements, would have 18*1 per cent, oxygen). It is a very strong 
oxidizing agent, which may be due to the instability of the valency 6 for 
iridium, or to the presence of —0—0— groups; it immediately evolves 
oxygen with sulphuric acid, and it oxidizes boiling alcohol or [presumably 
impure] acetic acid. 

A. Benrath, W. Bucher, A. Wolber, and J. Zeutzius, Z. anorg. Chem, 1924, 
135, 233. 

O. Ruff and J. Fischer, ib. 1929, 179, 161. 

L. Wdhler and W. Witzmann, ib. 1908, 57, 823. 
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Iridium Trisulphide^ 

Iridium trichloride and excess of sulphur are heated in an evacuated 
sealed tube to 600®; the excess of sulphur is removed by extraction first 
with carbon disulphide and then (to remove the amorphous sulphur) with 
sodium sulphide. The residue is iridium trisulphide, a grey-black powder, 
stable to all acids including aqua regia. 

Iridium Triselenide^ IrSe3^25i-2 

If iridium trichloride is heated with selenium in carbon dioxide or 
nitrogen at 400® until its weight is constant, it is converted into the 
diselenide IrSeg; but if this is further heated in a sealed tube with more 
selenium, and the excess removed with potassium cyanide solution, the 
triselenide IrScg is formed. It is a grey-white crystalline powder, stable 
even to concentrated acids, and only slowly attacked even by boiling 
aqua regia. 

The tritdluride IrTea^^^^"^ is made in the same way, but at 700®, the 
excess of tellurium being removed with nitric acid. It is dark grey, and is 
slowly attacked by aqua regia. Like the selenide it is reduced by hydrogen 
at 600® to the ditelluride IrTeg. 

Iridium Hexafluoride^ IrFg 

This substance is very difficult to prepare^^^^: it can only be made by 
the combination of the elements, and they only combine at a temperature 
at which the fluorine attacks platinum, and indeed any other material 
of which the apparatus can be made except fluor spar. Ruff* has, however, 
succeeded in making tubes and boats of ground fluor spar, moulded and 
burnt like pottery at about 1,250®. In an apparatus of this material 
iridium powder was fluorinated at 260®, when in presence of excess of 
fluorine the only product was the volatile hexafluoride IrFe, which came 
over and was condensed in liquid air. For its investigation siUca vessels 
can be used, as these are not attacked by the hexafluoride below 200°. 

Iridium hexafluoride IrFg is a pale yellow solid at —180®, and bright 
yellow at —15®; it melts at +44® to a brownish-yellow liquid which boils 
at 53° to give a bright yellow vapour. The solid seems to be dimorphic. 
The heat of evaporation is 8*5 k.cals., giving the high Trouton constant of 
26-1; the heat of formation from the elements in their normal states is 
130 k.cals. 

The hexafluoride is extremely reactive. Owing to its high vapour pres¬ 
sure at the ordinary temperature it gives out thick white clouds in air, 
being hydrolysed by the moisture to hydrogen fluoride, the oxyfluoride 
IrF 40 , and the lower fluorides. With water in excess it is at once converted 
into hydrogen fluoride and Ir(OH) 4 , with evolution of oxygen mixed with 
ozone. 

L. Wohler, K, Ewald, and H. G. Krall, Ber. 1933, 66, 1638. 
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It is very readily reduced to a lower fluoride; chlorine converts it into 
the tetrafluoride with the production of chlorine fluoride GIF, and bromine 
and iodine have a similar action. By hydrogen it is reduced to the metal. 

Iridium hexafluoride shows no signs of any tendency to complex forma¬ 
tion. 

Iridium Oxyfluoride^ IrF 40 ^^^ 

When the hexafluoride was manipulated in glass vessels a greyish-white 
solid product was obtained, but with silica vessels scarcely any of this was 
formed, so that it must have been due to the action of the hexafluoride on 
the glass. It was at first thought that this substance was a pentafluoride, 
but iodometric determinations proved that it contains hexavalent and 
not pentavalent iridium. The quantity obtained was so small, and it is so 
sensitive to moisture, that it could not be analysed, but as it is produced 
whenever a small quantity of water comes in contact with iridium hexa¬ 
fluoride, we may presume that it is a hydrolytic product, an oxyfluoride, 
probably IrF 40 . It forms whitish needles, stable in silica vessels in the 
cold, but decomposing when heated; in water it behaves like the hexa¬ 
fluoride, being hydrolysed with evolution of oxygen. 

IRIDIUM CARBONYLS 

The ‘simple’ carbonyls and their halides can be made by heating the 
trihalide at 100-140^ with carbon monoxide under 200 atm. In copper 
vessels’(where the copper takes up the halogen) 100 per cent, of the 
tricarbonyl Ir(CO )3 is obtained; in presence of powdered metal the main 
product is the tetracarbonyl Ir(CO) 4 . These two carbonyls are obviously 
polymerized: we should expect [Ir(CO) 3]4 and [Ir(CO) 4 ] 2 : but they are too 
insoluble for their molecular weights to be determined. 

Ir(CO)^ is canary yellow; it is extraordinarily stable (far more so than 
the tetracarbonyl); it is not affected by acids (even concentrated nitric 
acid) or alkalies, or even by halogens in the cold, although it is decomposed 
by aqua regia. It does not sublime below 200®, but does so in carbon mon¬ 
oxide at 210®. 

Ir{CO)^ is greenish-yellow; it is readily converted into the tricarbonyl 
by heat, acid, or alkali. The heavier elements of a group always favour 
carbonyls with the highest ratio of metal atoms to CO groups: thus unlike 
iron, ruthenium and osmium scarcely form any penta-carbonyl, but 
readily go to the ennea; cobalt tetracarbonyl goes to the tricarbonyl at 
53®, but the iridium compound undergoes this change in the cold. 

The tetracarbonyl can be separated from the tri by sublimation, as it is 
the more volatile, or by its greater solubility in chloroform (soF of the tri 
in chloroform 6*2 mg./ord. temp.).^*®^ 

If the materials used in the preparation of these compounds are not quite 
dry, a very volatile iridium compound is formed, which no doubt is the 
hydride Ir(CO) 3 (COH). 

ia54 Hieber and H. Lagally, Z. ar^g. Chem, 1940, 245, 321. 
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The carbonyl halides, Ir(C0)3X and Ir(CO) 2 X 2 , can be made by 
heating the trihalide hydrate IrXj, HjO to 160° in carbon monoxide at 
1 atm., when a mixture of the two carbonyl haUdes with some tricarbonyl 
comes olf; the extra halogen separates as COX 2 , or if it is iodine as such. 
The ease of removal of the halogen here is in the order Cl > Br > I, the 
opposite of that for the formation of the simple carbonyl with a metal. In 
these compounds the volatility falls off as the CO content rises, the 
approximate sublimation temperature being for Ir(CO)jX [theoretical 
polymerization factor 3] 115°, for Ir(CO)2X2[4] 150°, for Ir(CO )3 [4] 200°. 

Ir{CO)^X 2 loses carbon monoxide on exposure to air; Ir(CO) 3 X is far 
more stable, though the chloride is slowly decomposed by water to give 
iridium and carbon monoxide. 

The colours of these halides are: 



Ir(CO),X, 

Ir(CO),X 

X -- Cl 

Colourless 

Pale brown 

Br 

Very pale yellow 

Chocolate 

I 

Pale yellow 

Dark brown 


n»» Manchot and H. Gall, Ber. 1925, 58, 232. 

iit6 ^ Hieber, H. Lagally, and A. Mayr, Z. anorg. Chem. 1941, 246, 138. 
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PALLADIUM AND PLATINUM 

T hese two elements resemble one another more closely than any other 
pair in the group. There is the usual increase of stabihty of higher 
valencies with rise of atomic weight. Both elements are almost only divalent 
and tetravalent, but with palladium the tetravalency is much less stable than 
the divalency, while with platinum it is at least equally stable. Palladium 
has a remarkable power of absorbing hydrogen, more than any other metal 
of the group; platinum comes next, but far behind it, and nickel also has 
some power of doing this. The exact character of the compound of palla¬ 
dium and hydrogen is still obscure, but it is probably metallic. 

Valency = 1 

No monovalent palladium compounds have been isolated; a solution 
of the palladocyanide K 2 Pd(CN )4 on treatment with sodium amalgam gives 
a reducing solution, perhaps containing the monovalent salt K 2 [Pd(CN) 3 ], 
corresponding to K 2 [Ni(CN) 3 ]. But this may well contain the non-valent 
palladium compound K 4 [Pd(CN) 4 ] (p. 1557). 

With platinum a solution of the same reducing properties can be got in 
the same way, which may contain monovalent or non-valent platinum. 
In addition, by heating platinous chloride to the right temperature a yellow- 
green solid can be got, with a composition very near PtCl; its stability 
range is, however, very small. 


Valency == 2 

This is much the most important valency of palladium (as it is of nickel), 
but not so markedly of platinum. A large number of binary compounds 
are known, such as the oxide PdO, the hydroxide Pd(OH) 2 , the sulphide 
PdS: all four dihalides, Pd(N 03 ) 2 , PdS 04 , etc., and a variety of salts or salt¬ 
like compounds, which are mostly soluble in water and easily hydrolysed. 

The complexes of divalent palladium are nearly if not quite all 4-covalent 
(6-covalent platinous complexes have been described, but probably in 
error). They are more stable than those of divalent nickel, but less than 
those of divalent platinum. Apart from a few trihalides (BH)PdCl 3 
obtained from organic bases, they are all 4-covalent. The ammines are of 
four types: (I) [PdAm 4 ]X 2 ; (II) [PdAmgRlX; (III) [PdAmgRa]^; (IV) a 
peculiar type really 4-covalent [(Pd(NH 3 )Cl 2 ) 2 ]°- Of these, (I) are stable 
enough to give a strongly alkaline hydroxide; (III) occur as cis-trans 
isomers; (IV) can be shown to have the planar structure 


HaNv yCK /NH3 
^PdC 


a 


/ w \ 


Cl 


Trialkyl phosphines and arsines can replace ammonia." 
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The anionic complexes are all of the tyj)e M 2 [PdR 4 ], where R can be 
CN, NO 2 , Cl, Br, or I (not F). 

With platinum again this is a veiy stable valency, probably as stable 
as with palladium, though probably less stable than that of tctravalent 
platinum. The divalent compounds are almost identical with those of 
divalent palladium and are as stable in themselves, though they are more 
easily oxidized to the tetravalent state; they include the oxide, hydroxide, 
sulphide, all four dihalides, and a dicyanide Pt((yN) 2 , yellow and insoluble. 

Complexes. These again are very Tike those of palladium. The ammines 
all have the co-ordination number of 4, and are of five types (all repre¬ 
sented with palladium except No. IV): (I) [PtAm 4 ]X 2 ; (H) [PtAm 3 R]X; 
(III) [PtAm 2 R 2 ]°; (IV) MfPtAmRg]; (V) l(PtAmCl 2 ) 2 ], with the same 
structure as that given above for the j)alladium analogue. 

The complex halides also all have the co-ordination number 4. The 
dichloride dissolves in hydrochloric acid to form the acid H 2 PtCl 4 : the 
potassium salt of this is made by the reduction of the platinichloride 
KgPtCle. The bromide KgPtBr^ forms black crystals. Similar acido- 
complexes are formed with NO 2 and CN: K2[Pt(N02)4] is got from the 
platino-chloride K 2 PtCl 4 and potassium nitrite: it is soluble in water, and 
the solution gives no precipitate with ])otassium hydroxide or hydrogen 
sulphide. K 2 [Pt(CN) 4 ] is also stable up to 140°, and is not decomposed 
by hydrogen sulphide. 

Valency ^ 3 

This only occurs in a few palladium compounds such as Pd 203 and the 
trifluoride PdFg, which curiously is the most stable fluoride of paUadium: 
it is a black powder decomposed by water. There are also complex halides 
M 2 [PdCl 5 ] which are stable at low temperatures but go over into a mixture 
of the di- and tetravalent halides M 2 PdCl 4 and MgPdClg on warming. 

The trivalent platinum compounds are similar. The trichloride, got 
by heating PtCl 4 , is a dark green solid, slowly dissolved by water, and 
converted by hot hydrochloric acid into the di- and tetrachlorides; the 
tribromide and tri-iodide are similar, and there is a yellow insoluble 
tricyanide Pt(CN) 3 . These compounds are no doubt truly trivalent. But 
the complexes, such as [PtAm 4 Cl]X 2 and M 2 [PtCl 5 ], all appear to be 
5-covalent and are clearly in fact dimeric and 6-covalent with one di- and 
one tetravalent platinum atom, as their brilliant colour suggests. 

Valency = 4 

Tetravalent palladium is more stable than trivalent, but much less than 
divalent, or than tetravalent platinum. It only occurs in Pd02, PdS 2 , and 
in a few complex sulphides, halides, and ammines (covalencies 4 and 6). 
There are no compounds of tetravalent palladium containing fluorine. 
The thiopalladates M 2 [PdS 3 ] are decomposed by water. Complex halides 
are formed by chlorine and bromine: the commonest type is M 2 [PdCle] 
(as with Pt); there are a few diammines [PdAm 2 Cl 2 ]Cl 2 . All these halides 
lose halogen easily on warming. 
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With platinum this is perhaps the stablest valency: anyhow, it is very 
near to divalency in stability. Platinum forms an oxide PtOj and a 
hydroxide Pt(OH) 4 , made by the action of potassium hydroxide on the 
tetrachloride; they are converted by alkaliesinto theplatinate 8 M 2 [Pt (OH)#], 
which are isomorphous with the stannates. There is a disulphide PtSj 
and there are 4 tetrahalides. 

A remarkable series of compounds are the alkyls, otherwise almost 
unknown in this group. The trialkyls AlkjPtX have long been known, 
and Gilman has recently described Pt(Alk )4 and Pt 2 (Alk)#, obtained by the 
use of sodium alkyl. They are high-melting soluble solids. 

The complexes all have the co-ordination number of 6 . Tetravalent 
platinum gives as least as many and as diverse kinds of ammines as diva¬ 
lent, but fewer acido-complexes. The ammines have all the forms from 
[PtAmjJX# to M 2 PtRe. Of the halides M 2 [PtXj] the fluorides are doubtful, 
the chlorides numerous; the bromides are red, the iodides brown and very 
unstable, losing iodine with ease. Every stage of replacement of halogen 
by hydroxyl is known from M 2 [Pt(hal)j] to M 2 [Pt(OH)e]. 

No pure cyanides, nitro-compounds, or oxalato-derivatives are known, 
but only mixed salts such as M 2 [Pt{hal) 2 (CN) 4 ]. 

Valency — 6 

No hexavalent palladium compounds are known. 

Platinum has apparently hexavalent compounds in PtOj, got by electro¬ 
lytic oxidation, PtSej, and also PtP 2 and PtAs 2 , made from the elements. 
In none of these are we sure that the platinum is hexavalent, but the 
trioxide gives no signs of having a peroxide (— 0 — 0 —) structure. 



PALLADIUM 

Palladium was discovered by Wollaston in 1803, and named by him after 
the recently discovered minor planet Pallas. It is the most abundant of 
the platinum metals in the earth’s crust as a whole, forming about 1 part 
in 10®, which is about twice as much as platinum; in the ordinary platinum 
ores it does not amount as a rule to more than a few per cent., although a 
certain number are known of which it is a large or even the chief con¬ 
stituent. One of the most peculiar is the smaU hard crystalline nuggets 
found in some parts of British Guiana, which contain about 60 per cent, 
of mercury, the rest being palladium, with traces of rhodium, platinum, and 

gold.1257 

The atomic structure of palladium is remarkable. The atomic number 
of 46 is that of a ‘pseudo-inert-gas’ 2.8.18.18, like those of nickel and 
platinum. In nickel the final 18-electron group breaks down, one or 
perhaps two of its electrons going into the next higher quantum group to 
give instead of 18 the configuration (17) 1 or (16) 2, or perhaps a mixture of 
the two. In platinum the structure is (16) 2. The elements of the second 
transitional series always tend to have fewer electrons in their outermost 
group than those of the first and third (for example, we have Co, —(15)2; 
Rh—(16)1; Ir—(15)2), and this effect is shown in a very marked way by 
palladium, where the spectroscopic data and the absence of a magnetic 
moment ^268 indicate that in the isolated atom all the 18 electrons are in 
the fourth quantum group. 

We should expect an element with such an atomic structure not to be a 
metal at all, but to resemble an inert gas, and the fact that elementary 
palladium is a solid with the conductivity and other properties of a metal 
shows that this electronic group of 18 breaks down and loses some of its 
electrons as soon as the atoms come together. 

Palladium appears, like platinum, to be diamagnetic in all its com¬ 
pounds, though many of the analogous nickel compounds are para¬ 
magnetic. This is presumably the result of the larger atomic number. 

In its general behaviour palladium resembles platinum very closely. 
The comparison of the elements in this subgroup, nickel, palladium, and 
platinum, gives a good illustration of the two main ways in which the 
properties change as we descend the series, the higher valencies becoming 
more important as compared with the lower, and the tendency in any 
given valency to dissociation becoming less. 

Metallic Palladium 

Metallic palladium resembles platinum closely in many ways; it has the 
lowest m. pt. (1,557°) of any of the platinum metals, and platinum has the 
next lowest (1,773*5°); it is also the lightest metal in its triad (Ru, 12*3; 
Rh, 12*1; Pd, 11*5) as platinum is in its triad (Os, 22*5; Ir, 22*4; Pt, 21*4), 

j. B. Harrison and C. L. C. Bourne, Ojf. Oaz. Brit. Ouiarva^ 1926, 27, ii. 19. 

1268 A. N. Guthrie and M. J. Copley, Phya. Rev, 1931, [ii] 38, 360. 

R. B. Janes, J,A,C.S, 1936, 57, 471. 
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Group VIII, Palladium 

Its main uses are for artificial teeth and for the mounting of jewellery, 
and of late years as a catalyst for organic reactions. 

Palladium is more readily attacked by various reagents than the other 
members of the family. At a red heat it is converted by air into the 
monoxide PdO, and by fluorine and chlorine into the dihalides; it is 
soluble in nitric and sulphuric acids. Unlike all the other metals of the 
group it becomes passive in the presence of chlorine ions.^^®® It has the 
power of absorbing hydrogen reversibly (up to 900 volumes), far more 
than any other metal. It is also a powerful catalyst, especially in those 
forms in which it has a large surface, such as palladium black (which has 
been shown to be actually crystalline), and particularly in the various 
colloidal forms. 

Colloidal palladium can be made^^®^'® by the reduction of palladous 
chloride solutions with various reducing agents such as formaldehyde, 
hydrazine hydrate, or carbon monoxide (a specific reducing agent for 
palladium),^2®® in presence of a protective colloid like sodium protaibate; 
if titanous chloride is used as the reducing agent, the hydrated titanium 
dioxide itself acts as the protective colloid.^^®^ As a catalyst it is much 
used for reduction in organic chemistry; it is particularly effective in 
reducing the triple carbon link to the double in hydrocarbons, acids, and 
alcohols; the subsequent reduction of the double to the single hnk is 
slower.^^®® Like palladium black, colloidal palladium with hydrogen 
reduces aliphatic double links, and nitro-compounds, but not aromatic 
rings, ketones, or aldehydes, except when the carbonyl group is immediately 
next to a benzene ring, when the aldehyde or ketone is reduced to the 
corresponding hydrocarbon.^^ee g^jgQ been shown^®"^ that colloidal 

palladium is more effective than platinum in the reduction of oxygen or 
ethylene, but less so in that of potassium nitrite or sodium chlorate. 

Palladium and Hydrogen 

The enormous power that palladium has of absorbing hydrogen was 
first noticed by Graham in 1866. Since then there has been a constant 
series of investigations into the phenomenon, which cannot be said even 
now to have led to a thoroughly satisfactory explanation, probably because 
this has been sought along the lines of ordinary molecular chemistry, while 
the problem is essentially bound up with the peculiarities of metallic struc¬ 
ture. All that can be done here is to give an outHne of the facts and the 
more probable theories, with some of the more important references. 

iwo F. MiUler, Z. Elehtrochem. 1928, 34, 744. 

J. Donau, Mon. 1906, 27, 71. 

isea w. Traube and W. Lange, Ber. 1925, 58, 2773. 

H. S. Taylor and P. V. McKinney, J.A.C.S. 1931, 53, 3604. 

A. Gutbier and H. Weithase, Z. anorg. Chem. 1928, 169, 264. 

«« M. Bourguel, BuU. Soc. 1927, [4] 41, 1443. 

laee For more details see O. Neunhoffer and W. Pelz, Ber, 1939, 72, 433. 

G. Kahl and E. Biesalski, Z. anorg. Ghent. 1936, 230, 88. 
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Palladium in the colloidal, powdered, or compact state will absorb any- 
thing up to 900 times its own volume of hydrogen (about Pd 4 H 3 ) at any 
temperature from zero to a red heat and beyond. As the temperature 
rises the amount absorbed falls steadily up to 600°, and more slowly above 
that. The absorption is accompanied by an expansion of the solid, and the 
lattice constant may increase by as much as 5 per cent.,^^®®"^ while the 
conductivity falls by as much as 35 per cent.^^’® The whole of this hydro¬ 
gen can be removed from the palladium in a vacuum at 100°, The 
adsorption isotherm at any temperature between 50° and 200° consists of 
three parts: ( 1 ) a rapid rise of pressure for amount adsorbed up to about 
PdHo. 05 ; ( 2 ) ^ very slow rise of pressure for the increase of hydrogen 
content up to PdHo .4 to PdHo. 5 ; and (3) a rapid rise after that. But its 
course is different according as the gas is being put in or taken out—as the 
pressure is rising or falling. For a rising pressure there is a considerable 
increase over the middle section of the curve: for a falling pressure this is 
very small, and may be practically zero, i.e. the pressure may remain 
constant for a considerable drop in hydrogen concentration.As the 
temperature rises, the second and fairly flat part of the curve gets shorter, 
beginning a little later (i.e. at a rather higher concentration) and stopping 
much sooner, until at about 310°^^^^ it has vanished altogether; the general 
shape of the curves is thus like that of the Andrews carbon dioxide 
diagram. The occurrence of hysteresis shows that either with rising or 
falling pressure (or both) equilibrium is not reached, and this needs 
explanation before the results can be interpreted. It has been pointed out 
by Tammann^273 gmith and Derge^274 behaviour of the 

palladium, and especially the rate of adsorption of the hydrogen, depend 
largely on the mechanical state and previous history of the metal, and on 
the extent to which it has been heated or worked. It seems probable that 
the hydrogen, having covered the surface, penetrates along the slip planes 
of the metal, and as it does so causes an expansion, which blocks the way 
for more hydrogen to enter, so that with rising pressure the attainment of 
equilibrium will be retarded, while when the pressure is falling the removal 
of part of the hydrogen will facilitate it. If so, the isotherms at falling 
pressure will be those which indicate the true equilibrium of the system. 
These, as we have seen, are nearly horizontal, which should mean that over 
this range there are two solid phases present, one with more hydrogen 
than the other. According to simple phase-rule principles, the beginning 
of the flat part should give the composition of the more dilute solution 
and the end that of the stronger. Since for temperatures near 100° the 

J. D. Haoiawalt, Proc, Nat. Acad. Sci. 1928, 14, 963; Fhys. Rev. 1929, ii. 33, 

444. 

O. Linde and G. Boerelius, Ann. Phys. 1927, [iv] 84, 747. 

H. Briining and A. Sieverts, Z. physikal. Chem. 1933, 163, 409. 

B, Lambert and S. F. Gates, Proc. Roy. Soc. 1925, 108, 466. 

H. Briining and A. Sieverts, Z, physikal. Chem. 1933, 163, 430. 

1*78 Tammann and J. Schneider, Z. anorg. Chem. 1928, 172, 43. 

X), p. Snaith and G. J. Derge, J.A.C.S. 1934, 56, 2613. 
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end comes near the composition PdgH, it has often been assumed that a 
compound of this composition is formed. There are two objections to this 
view: (1) The middle parts of the isotherms are not quite flat but almost 
always show a definite though small rise of pressure. (2) The end is at 
about PdgH for a temperature of 75° or so, but the amount of hydrogen 
at this end-point gets less as the temperature rises. The answer to (2) 
probably is that the more concentrated phase is not a compound at all, 
especially as it is difficult to give PdgH a probable structure, but a solu¬ 
tion, whose concentration would naturally vary with temperature. The 
first difficulty, that the isotherms are not strictly horizontal, is less easy 
to overcome; the suggestion that it is due to the complication of the 
results by surface action cannot be maintained. The answer is most 
probably to be found in the peculiar properties of metals, which it does 
not as yet seem possible to express in simple language. An attack on the 
problem from this point of view, by the methods of statistical mechanics, 
has been made by Lacher,^^’^ who starts with the assumption that the 
hydrogen atoms occupy holes in the palladium lattice, and does not sup¬ 
pose that any compound with the metal is formed; on this basis he is able 
to obtain results agreeing very fairly with observation, and in particular 
to show that two solid solutions can be formed, with an upper critical 
solution temperature. This is confirmed by X-ray examination^^’®”’; 
with a palladium strip dipping into sulphuric acid and charged electro- 
lytically with hydrogen, X-rays will show the migration of the boundary 
between the two phases. 

An interesting point is the relation between the solubility in palladium 
of hydrogen and that of deuterium. Sieverts^^’®”®^ showed that the two 
isotopes behave similarly, but that deuterium is always less soluble than 
hydrogen. At low temperatures there is little difference (D/H = 0-96 at 
30°) but by 200° D/H has fallen to 0*60, though it then rises again to 0-91 
at 1,000° (the normal phenomenon of course is that deuterium and hydrogen 
differ much more at low temperatures than at high). The point where the 
isotherm begins to be flat is at higher concentrations with deuterium. It 
is therefore possible to find pressures and temperatures at which hydrogen 
is present only in the weaker (a) phase, while with deuterium the stronger 
(P) solution is present, and the solubility ratio D/H is then very small, 
and may be as low as 0-03; these are the conditions under which palladium 
may be used to separate the isotopes. The ‘critical solution temperature’ 
must be lower with deuterium than with hydrogen, but it has not been 
measured. 

As a result of this power of dissolving in palladium, hydrogen is able to 

«« J. R. Lacher, Proc. Roy, Soc, 1937, 161, 626. 

E. A. Owen and J. I. Jones, Proc. Phya, Soc. 1937, 49, 687, 603. 

D. P. Smith and C. S. Barrett, J,A.C.S. 1940, 62, 2666. 

A, Sieverts and G. Zapf, Z, phyaikal. Chem, 1936, 174, 369. 

A. Sieverts and W. Danz, ib. 1936, B 34,* 168. 

Id., ib. 1937, B 38, 46, 61. 
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dilfuse through the solid when it is warmed. This is strictly specific for 
hydrogen and deuterium; helium, for example, has no such power.^^®^ It 
is made use of in order to purify hydrogen for spectroscopic or atomic 
weight purposes, the gas being ‘filtered’ through a small palladium tube, 
which is usually heated electrically. The mechanism of this diffusion has 
recently been examined by Farkas^^®^; he measured the rate of diffusion 
through a palladium plate, and also the rate of atomization of the hydrogen 
on both surfaces by means of their efficiency in promoting the ortho/para 
equilibrium of hydrogen. He was thus able to show that the process of 
diffusion consists in the atomization of the hydrogen on one surface, the 
passage of the hydrogen atoms through the foil, and their recombination 
to hydrogen molecules on the other surface. This explains why the penetra¬ 
tion is so rapid when the hydrogen is produced electrolytically; it is then 
already in the atomic state when it reaches the palladium, and so the heat 
of activation required by the molecules in order to break the H—H bond 
is no longer needed. See further, reference 

NON-VALENT PALLADIUM 1284 

A COMPOUND K 4 [Pd(CN) 4 ] in which the metal is non-valent can be made 
in exactly the same way as its very similar nickel analogue (p. 1429) by the 
action of potassium on the double cyanide K 2 [Pd(CN) 4 ] in liquid ammonia. 
It is a yellowish solid, stable in ammonia or in vacuo up to 150°, but exces¬ 
sively reactive, even more so than the nickel compound. It will reduce 
azobenzene to hydrazo, and silver and mercuric ions to the metals. It 
evolves hydrogen with water. There was no sign of the formation of a 
compound K 2 [Pd(CN) 3 ]. 

MONOVALENT PALLADIUM 

No compounds of this valency have been isolated; the supposed oxide 
PdgO has been shown^^®®^® to be a mixture of the monoxide PdO and 
metallic palladium, and the existence of the sulphide PdgS has not been 
confirmed. 

Manchot^^®^ has shown that if a 2 per cent, aqueous solution of the 
palladocyanide K 2 Pd(CN )4 is reduced with sodium amalgam, a clear 
yellow solution is obtained, which contains free cyanide ions (which the 
original solution does not) and has a strong reducing power, separating 
silver from an ammoniacal silver oxide solution, and mercury from corro¬ 
sive sublimate; it absorbs oxygen with formation of hydrogen peroxide, 

1281 Paneth and K. Peters, ib. 1928, B 1, 263. 

A. Farkas, Trans, Far, Soc, 1936, 32, 1667. 

1288 'W'. Jost and A. Widmann, Z, physikal, Chem, 1940, B 45, 285. 

J, J. Burbage and W. C. FemeUus, J,A,C,S, 1943, 65, 1484. 

1 *®* L. W6hler and J. Kdnig, Z, anorg, Chem. 1906, 46, 323. 

G. R. Levi and C. Fontana, Qaz, 1926, 56, 388. 

1287 Manchot and H. Schmid, B&r. 1930, 63, 2782. 
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and on standing in the absence of air it slowly evolves hydrogen and gives 
a mixture of the palladous salt and metallic palladium. This cannot be 
due to colloidal palladium: the solution is too concentrated, is too pale, 
and separates no gel with excess of potassium chloride. Its reducing power 
corresponds quantitatively to the conversion of mono- to divalent palla¬ 
dium. Apart from this last statement we should infer from the existence 
of K 2 [Pd(CN) 4 ], but not of K 2 [Pd(CN) 3 ], that Manchot’s reduced solution 
contained non-valent palladium, and if so there would be no evidence for 
monovalent palladium whatever. 

DIVALENT PALLADIUM 

This is by far the most important valency of palladium, which in this 
respect resembles nickel and diflFers from platinum, where the tetravalent 
state is as important. The divalent palladium compounds are green, red, 
or brown, and have an astringent but not metallic taste. 

Palladous Oxide^ PdO 

This is made by heating the metal in oxygen, or better by fusing 
palladous chloride with sodium nitrate at 600°.^^®® It is a black powder; 
its crystal structure has been examined by Moore and Pauling,^^®® who 
find that the metallic atom forms a coplanar rectangular co-ordination 
group. On further heating it dissociates into the metal and oxygen, the 
dissociation tension of the oxygen being 1 atm. at 875°.^ 2 ®® 

It is a strong oxidizing agent; it glows on coming into contact with 
hydrogen at the ordinary temperature; it oxidizes carbon monoxide to 
the dioxide, but unlike most oxides of this kind it reacts with carbon 
monoxide less readily than with hydrogen, and only at temperatures 
near 100°,1263,1291-2 same time palladous oxide is a powerful catalyst 

for the reduction by hydrogen, especially of organic compounds such as 
alkylenesi2»3 ^nd aldehydes,!^^® the CHO group being reduced with PdO 
to CH3, but with platinum monoxide only to CHgOH. 

The hydroxide Pd(OH )2 or PdO, HgO can be made by the hydrolysis of 
the nitrate Pd{N 03 ) 2 . It is soluble in acids, unlike the oxide, which does 
not dissolve even in aqua regia. It loses its water slowly on heating, but 
does not lose the whole of it even at 500-600°, where it begins to give off 
oxygen. 

Palladous Sulphide^ PdS 

This can be made by the action of hydrogen sulphide on a solution of a 
palladous salt, or by heating the metal with sulphur. When made in the 

laes W6hler, Z, EleJctrochem, 1905, 11, 836. 

R. L. Shriner and R. Adams, J,A,C,S, 1924, 46, 1683. 

laoo Moore and L. Pauling, ib. 1941, 63, 1392. 

1191 p, V. McKinney, ib. 1932, 64, 4498. 

Id., ib. 1933, 55, 3626. 

J. W. Kern, R. L. Shriner, and R. Adams, J,A»C.8, 1925, 47, 1147. 
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wet way it is a brown powder, insoluble in dilute hydrochloric acid; when 
made in the dry way^^®^ it forms bluish insoluble crystals. 

The system palladium-sulphur has been investigated by Biltz and 
Laar,i 2 ®^® showed that near the ordinary temperature a compound 
Pd 4 S is formed, which at higher temperatures is converted into the mono¬ 
sulphide PdS, m. pt. 970°; this will combine with excess of sulphur to 
give the disulphide PdSg. Since the structure of Pd 4 S is unknown, so is 
the valency of the palladium in it. 

Palladous Selenidcy 

This is a dark brown solid, which can be made by adding palladous 
chloride solution drop by drop to a saturated solution of hydrogen selenide. 

Palladous Halides 

All four of these are known, but only the dichloride in any detail. 
Palladous Fluoride^ PdFg 

According to Berzelius this is precipitated as a brown powder, very 
slightly soluble in water or hydrofluoric acid, when hydrofluoric acid is 
added to a concentrated solution of the nitrate Pd{N 03 ) 2 . Ruff a,nd 
Ascher^®®® have prepared the difluoride by the reduction of the more stable 
trifluoride PdFg. This can be done in various ways, for example by 
hydrogen, or sulphur dioxide, or iodine vapour. The difluoride PdFg 
could not be obtained in the pure state, but if the trifluoride is heated with 
the necessary amount of palladium powder, the mixture glows, and a 
violet powder is formed which seems to be nearly pure palladium difluoride, 
since it dissolves in hydrochloric acid leaving only a small residue of 
metallic palladium. This product also gives a characteristic X-ray powder 
diagram, indicating that it forms tetragonal crystals of the rutile type, like 
the difluorides of iron, cobalt, and nickel. Ebert^®®® confirms the tetra¬ 
gonal structure, and finds the Pd—F distance to be 2*15 A.U. (theory 
201 ). 

If palladous chloride is heated in hydrogen fluoride gas, or fused with 
ammonium acid fluoride NH 4 F 2 H, brown crusts of impure PdF 2 are 
formed. 

Palladous Chloride^ PdClg 

This can be made from its elements at a red heat; it forms red crystals 
which are very hygroscopic and readily soluble in water, from which they 
crystallize in dark red hygroscopic crystals of the dihydrate PdCl 2 , 2 HgO. 

L. W6hler, K. Ewald, and H. G. KraJl, Ber, 1933, 66, 1638. 

129S Weibke €Uid J. Laar, Z, anorg. Chem. 1935, 224, 49. 

1298 Biltz and J. Laar, ib. 1936, 228, 257. 

L. Moser and K. Atynski, Mon, 1925, 45, 235. 

O. Ruff and E. Ascher, Z. anorg. Chem. 1929, 183, 211. 

F. Ebert, ib. 1931, 196, 395. 
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The anhydrous crystals have been shown^®®® to consist of a continuous flat 
chain of atoms of the form 


\cr 


(distance Pd—Cl 2-31 A, theory 2-36). 

On heating, palladous chloride begins at about 600"^ to sublime, and 
also to dissociate into its elements. The m. pt. is 936°; the dissociation 
pressure of chlorine is 1 atm. at 738°.^®®^ 

Palladous chloride is very readily reduced in solution to the metal; 
hydrogen effects this fairly rapidly in the cold^®®®; ethylene precipitates 
the metal on warming, and this reaction is specific for palladium, and 
enables it to be almost quantitatively separated from the other platinum 
metals.^*®^ Many hydroarv matic compounds such as cyclohexane and 
cyclohexanol, or still better hydroquinolines and hydrocarbazoles, are 
converted into aromatic by boiling with a 2 per cent, aqueous solution of 
palladous chloride in dilute hydrochloric acid, with separation of the 
metal.^*®* It is also reduced by carbon monoxide. It forms a series of 
complexes M 2 [PdCl 4 ] (see below, p. 1568). 

Palladous Bromide, PdBrg, can be made from the elements in presence 
of nitric acid; it forms a brown mass which is soluble in hydrobromic acid 
but not in water. 

Palladous Iodide, Pdlj, is made^^®® by precipitating palladous chloride 
solutions with potassium iodide. It forms a dark red or black precipi¬ 
tate, which is very insoluble in water, and can be used for the quanti¬ 
tative estimation of palladium.^®®® It begins to lose iodine at 100°, and at 
330° to 360° is completely decomposed. It is slightly soluble in excess 
of potassium iodide to give a red solution, from which complex iodides 
such as KgPdl^ can be obtained. 


* This formula is identical with 


\ /^\ 

)Pd^ )Pd^ )Pd^ )Pd 

/ ^cl/ ^a/ 


and no resonance is possible between them; this can be seen by writing them in the 
equivalent form 4 . 4 . ^ 4 . 



/CK _ 






Pd 


''CP 


CP 
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Other palladous salts : 

Palladous cyanide, Pd(CN) 2 , is got as a yellow precipitate when mercuric 
cyanide is added to a solution of a palladous salt quite free from acid. It 
gives complex salts with alkaline cyanides. 

Palladous thiocyanate, Pd(CNS) 2 , described as a reddish precipitate. 

Palladous nitrate, Pd(N 03 ) 2 , forms yellow-brown crystals, deliquescent 
and readily hydrolysed. 

Palladous sulphate. The dihydrate PdS 04 ,2 HgO is reddish-brown, the 
monohydrate olive-green; both are deliquescent and easily hydiolysed by 
water, forming palladous hydroxide and basic sulphates. 

Palladous selenate, PdSe 04 . This can be made^®®’ by dissolving palla¬ 
dium powder in a mixture of selenic and nitric acids. Small dark brownish 
hygroscopic prisms, reduced to selenium dioxide by hot concentrated 
hydrochloric acid. Forms double salts with ammonium sulphate and witli 
ammonium selenate. 

COMPLEX PALLADOUS COMPOUNDS 
Divalent palladium forms numerous and fairly stable complexes, in 
nearly all of which it has a co-ordination number of 4, though there are a 
few which are 3, and a few which may be 6-covalent. The stability of the 
complexes is greater than with nickel, but definitely less than with platinum. 
This is the usual trend of stability of covalent links in a periodic subgroup. 
(For the cyanides, thiocyanates, and nitro-compounds, see p. 1666.) 

Tricovalent Palladous Complexes 

These seem to be confined to certain complex chlorides and bromides 
of organic bases, of the type (BH)[Pd(hal) 3 ]. They were prepared by 
Gutbier and Fellner,^^^® who found that while these components in con¬ 
centrated solution gave the usual tetrahalides (BH) 2 [Pd(hal) 4 ], if the solu¬ 
tion was more dilute dark coloured salts slowly crystallized out which were 
the trihalides. They were all dark brown or red, could be recrystallized 
from the halogen acid, and were often quite stable on keeping. Examples 
are the (BH)[Pd(hal) 3 ] salts of tripropylamine (dark brown), dibutylamine 
(dark brown), and benzylethylamine (red). 

4-Govalent Palladous Complexes 

These are far more numerous; they are very similar to those of divalent 
platinum, and usually isomorphous with them. They are nearly all of 

K. Hradecky, Mon. 1916, 36, 289. 

A. Cahours and Gal. C.R. 1870, 70, 897. 

««>» I. Belluoci, Atti R. 1904, [6] 13, ii. 380. 

A. Gutbier, Ber. 1906, 38, 2107. 

A. Gutbier and A. Krell, ib. 3869. 

A. Gutbier, A. Krell, and R. L. Janssen, Z. anorg. Ohem. 1906, 47, 23. 

A. Gutbier and A. Krell, Ber. 1906, 39, 616. 

Id., ib. 1292. A* Gutbier and M. Woemle, ib. 2716. 

G. A. Barbieri, Aui R. 1914, [6] 23, i. 334, Id., ib. 880. 

A. Gutbier and C. Fellner, Z. anorg. Ohem. 1916, 95, 129. 



1562 Group VIII. Palladous Complexes 

four types: (I) [PdAmJCl^; (II) [PdAniaCy®; (III) [(PdAmCla)^]^ 
(IV) (NH 4 ) 2 [PdCl 4 ], in which Am represents ammonia, an amine, or half 
a diamine, and the chlorine atoms can be replaced by other acidic groups. 
The NHg can also be replaced by the sulphur or selenium of the thio- or 
seleno-ethers, or by oxygen. 

We have evidence of the weaker attachment of the groups to palla¬ 
dium than to platinum in the facts that the conversion of type I to II by 
acid is easy with palladium but difficult with platinum; that isomerism 
(cis-trans) of compounds of type II is rare and has only recently been 
discovered with palladium, while with platinum it has long been known; 
and that compounds of the types of [Pd(NH 3 ) 3 X]X and M[Pd(NH 3 )X 3 ] 
are almost unknown, ♦ though their platinum analogues can be prepared.^**® 
There is abundant evidence (see refs. i3i».i333,i339-40, 1845 , 1347 , 18614354 - 5 ) 

♦ Mann and Purdie^®^® have made the salt [BujP—>-Pd enCl]Cl. 
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the four valencies of the divalent palladium in these compounds lie in a 
plane, with the angles all equal to (when the four attached groups are 
the same) and the links of the same length. Attempts to dispute this, 
involving the assumption of small departures from equality of the lengths 
or angles of the valencies in AB 4 ions, or of the asymmetry of such ions 
deduced from the rotatory power of their compounds with other ions known 
to be active (Reihlen^®^®”^*^^^^*^®®®) have been well answered by Jensen^^®^ 
and are generally abandoned. A final proof has been given by 
by resolving a 4-covalent palladous complex of the same type as that 
obtained by Mills and Quibell (below, p. 1592) for platinum. 

The very various palladous complexes are most satisfactorily classified 
according to the nature of the atoms attached to the palladium, which are 
always four in number, the more important being nitrogen, phosphorus, 
arsenic, oxygen, sulphur, and the halogens. 

The peculiar apparently tri-covalent type of the monammines and the 
like, such as (R 3 P)PdCl 2 , which are really dimeric and 4-covalent, are 
discussed later (p. 1669.) 

Tetrammines 

The simple tetrammines, such as [Pd(NH 3 ) 4 ]Cl 2 , are made by the direct 
combination of their components, and form colourless crystals. The free 
base [Pd(NH 3 ) 4 ](OH) 2 , got from the sulphate with baryta, forms colourless 
crystals with a strong alkaline reaction, which precipitate the hydroxides 
of copper, iron, aluminium, etc. (but not silver), from solutions of their 
salts. A series of tetrammine salts have recently been made, with ammonia, 
pyridine, ethylene diamine, etc.^^^^; they are all colourless. Among the 
chelate tetrammines are the derivatives of 3-methyl-2-aminomethyl-4- 
ethyl-quinoline (‘quen’), of the type [Pd(quen) 2 ]Cl 2 .^®®® 

The interchange of deuterium between water and [Pd(NH 3 ) 4 ]Cl 2 has 
been found^®®® to go more easily than with platinum, and still more easily 
than with cobalt, in agreement with the general order of stabilities of these 
complexes. 

Of considerable stereochemical significance is the derivative of the 
‘ quadridentate ’ base /3, j8', jS'^-triamino-triethylamine, N(CH 2 CH 2 NH 2)8 
(‘tren’); the iodide [Pd(tren)]l 2 was made by Mann and Pope^®^; it is a 
cream-coloured salt, only slightly soluble in water. 

A curious series of compounds of this type are the triazene or diazo- 
amino-complexes, derived from the diazoamino-compounds 

Ar-NH-N=N— At'; 


these, which are no doubt chelate, and of the type 


Ar—N( )N—Ar' 


K. A. Jensen, Z, anorg, Ghem, 1939, 241, 126. 

A. G. Lidstone and W. H. Mills, J,C,S, 1939, 1764. 

J. S. Anderson, H. V. A. Briscoe, L. H. Cobb, and N. L. Spoor, ib. 1943, 367. 
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occur only in one form^^® owing evidently to resonance. The paUadium 
compound Pd(Ar ’N=N—^N -Ar )2 must have this rather unusual structure 



with two i-rings. Its great stability supports the idea of resonance. It will 
take on another molecule of diazo-amino-compound by direct addition, 
giving a presumably trichelate complex, almost the only known 6 -covalent 
complex of divalent palladium. 


Glyoxime Compounds 

These N 4 complexes are derived from glyoxime RgCaNgOgHg (= DHg) 
containing the chelate ring 


/N\ yN\ 

^Pd"^ ^0—H 

They are dichelate, and of the type Pd(DH) 2 ; they can be made by the 
action of the oxime on palladous chloride in hydrochloric acid solution 
(i.e. on the chloropaUadite). 

They are very slightly soluble in water, and can be used for the separa¬ 
tion and estimation of palladium. Palladium is precipitated quantita¬ 
tively from a solution of palladous chloride in hydrochloric acid by dimethyl 
glyoxime (R = CHg), by benzoyl methyl glyoxime 

R = CeH,CO, CH3, 

and by salicylaldoxime (p. 1566), none of which will precipitate platinum 
under these conditions.^®®® The benzoyl-methyl-glyoxime derivative 
Pd(DH )2 occurs in two forms,^®®^*^®^® a, pale yeUow, m. pt. 175®, and j8-, 
dark yellow, m. pt. 207® ; the a readily goes over into the jS on boiling for 
a few minutes in xylene. These are no doubt the cis and trans modifica¬ 
tions of the planar dichelate compound. 

Diammines^ etc. 

The diammines [PdAmgRJ®, which are not ionized, have been made in 
great variety, by the action of the base on the chloropaUadite M 2 PdCl 4 , 
or of acids on the tetrammine, or in other ways.^®^^^® 

Cis-trana isomerism among these compounds is to be expected, and 
various cases of isomerism have been reported. Of the simplest diammine 
[Pd(NH 3 ) 2 Cl 2 ] no less than four forms have been described.^®®®~®»^®®®*^®®®»^®®’ 
One of these is the metameric dimer [Pd(NH 8 ) 4 ] • pPdCy; the first and 
third differ in chemical properties and are^ probably the cia and trans 

F. P. Dwyer, J.A.OJ3. 1941, 63, 78. 
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forms, and the last, being identical in solution with the trana form, is 
probably a polymorphic modification of it. 

As a rule, however, the diammines are only knowoi in one form; the 
configuration of this has not been determined, but it probably^*®® is the 
trans form, except where the two amine groups are those of a diamine 
like en. 

The transition from cis fco trans or vice versa occurs with these palladium 
complexes with great ease, much more readily than with their platinum 
analogues. Thus Mann and his colleagues^®^'^ find that the diammine form 
I, which is probably trans, readily reacts with potassium oxalate to give 
the oxalatO'Compound 

H3N 

which must be cis, while with potassium nitrite it gives the nitro-compound 
Pd(NH3)2(N02)2 which is shown by X-ray analysis to be trans. Incidentally 
the X-ray analysis shows all the compounds examined to be planar. 

The chlorine atoms in these diammines can be replaced by various other 
radicals both monovalent and divalent (ato). The bromides are very 
similar to the chlorides, and so are the iodides so far as they are known; 
no fluorides have been prepared. 

Similar hydrazine complexes, such as [PdCl 2 (N 2 H 4 ) 2 ] (orange crystals), 
have been made.^®®® 

The amines can be replaced by tertiary phosphines and arsines. This 
group of compounds^®®® has been investigated in detail by Mann and his 
colleagues.^®®®"’*^®^®*^®®^ They are of the types 

(R3P)2PdCl2 and {R3As)2PdCl2, 

and are made by heating the phosphine or arsine with ammonium pallado- 
chloride (NH 4 ) 2 [PdCl 4 ] in water. In every case only one form is known, 
which appears to be the trans ; this conclusion is supported by the low 
dipole moments; for example that of (Et 3 P) 2 PdCl 2 is 1-05 D. The com¬ 
pounds are yellow or orange, have low melting-points, and are readily 
soluble in alcohol or benzene. Their most peculiar property is the parachor. 
If the value of this for palladium is calculated with the usual allowance 
for the alkyl groups, it is found^®^® to faU rapidly as these get larger: 


Values of the Parachor of Palladium 



(R 2 S)jPdCl, 

(R,P),PdCl, 

(R,Afl),PdCl, 

M, pt. 

[P]pd 

M. pt. 

[P]pd 

M. pt. 

[P]pd 

R = CH 3 . 

130° 

36 

,, 


236“ 


C,H3 . 

81“ 

27 

139° 

22 

116° 

12 

n-Propyl 

69° 

16 

96° 

3 

66 ° 

-6 

n-Butyl 

32° 

4 

66 ° 

-12 

64° 

-14 

iso-butyl 

97° 

12 

i 

.. 


•. 

n-Amyl 

41° 

-7 

47° 

-14 

10 ° 

-29 


V. I. Goremfidn, C,R, Acad. U,R,S,S. 1941, 33. 227. 


/ \o—c=o 
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A similar fall in the parachor for the metallic atom with an increase in 
the alkyl was found^^^® in the mercury mercaptides Hg(S Alk )2 and in 
many chelate jS-diketone derivatives of beryllium and aluminium. 

Complex cyanides of the type M 2 [Pt(CN) 4 ] are known^®®^ and are stable. 
The X-ray structure of the salt Ba[Pd(CN) 4 ], 4 H 2 O shows^®®^ that it has 
a planar square anion, and that all the water is attached to the cation. 

Similar thiocyanates have been made,^®®®»^®®^ such as the ruby-red 
K2[Pd(CNS)4]. 

Nitrile Compounds, When palladous chloride is heated in benzonitrile, 
it forms the orange-yellow solid (CeH 5 CN) 2 PdCl 2 .^®®® This is remarkable 
for replacing when treated with ethylene the two nitrile molecules by one 
ethylene, giving the dimeric [(C 2 H 4 )PdCl 2 ] 2 - 

The nitro-complexes (sometimes wrongly called nitrito-) such as 
K 2 [Pd(N 02 ) 4 ], a yellow powder,^®®^ are of the same t 3 rpe. 


Glycine Derivatives 

These contain the chelate ring 


CH^—NH. 


k 






The non-ionized compound Pd(Gl) 2 [NH 2 CH 2 COOH == GIH] was shown^®*® 
to occur in da and trana forms, one yellow prisms forming a trihydrate, the 
other pale yellow plates; they are interconvertible on heating with water, 
which the corresponding platinum compounds are not. 


Compound of Ethylenediamine-his-acetylacetone 

This substance (ecHj) has the formula 


CH, 


CH2—N= 


CH. 

. ^hXoh 

Ah,—N===C--CH==C—OH 

Ah. Ah. 


J.3 

It acts as a quadridentate group like twd glycine molecules, and forms 
yellow needles of Pd(ec). (Morgan 

Salicylaldoxime compounds have been made.^®^® The corresponding 
nickel and platinum compounds are known in two isomeric forms, but 
the palladium compound only in one, which is shown by X-ray analysis 
to be the trans. 

The benzoin-oxime compound has the dichelate structure with the ring 


CeHg—C—0\^ 


Pd. 


C,H.-C=N: 


/ 
\o 


R. B. Janes, J.A.C.8. 1936, 57, 471. . 

H. Brasseur and A. de Kassenfosse, Soc. Franc. Min. 1938, 61, 129. 
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Oxygen and Sulphur Complexes 

The nickel palladium and platinum compounds all occur in two forms; the 
nickel compounds, unlike the glyoximes, are paramagnetic, which has not 
been explained.^®** 

Thiosemicarhazide Complexes^^'^ 

Thiosemicarbazide (thH) has the tautomeric formulae 


S 


NHNHj, 

NH* 


(I) 


HN= 


/NHNH, 

\s—H 

(II) 


and can form chelate rings, either by direct addition or by replacement of 
the S—H hydrogen. It reacts with potassium palladochloride in solution 
to give a broAvn precipitate of the composition Pd(thH)Cl2> which is no 
doubt the salt [Pd(thH)2] • [PdCl^], since it can be converted into the 
slightly soluble chloride [Pd(thH)2]Cl2 the almost insoluble sulphate 
[Pd(thH)2]S04; the cation must contain the two chelate groups 




If the solution is made alkaline two equivalents of acid are removed, and 
a green precipitate is formed of a non-electrolyte, in which evidently the 
palladium has replaced two hydrogen atoms of the molecules of the thio- 
compound, no doubt in its sulphydryl form: 



3 c=NH. 
-S' 


When it is warmed, this substance is converted into a brown crystalline 
isomer. The two forms are too insoluble for their molecular weights to be 
determined, but they are almost certainly the cis and trans forms. 


Oxygen Complexes 

These include a salicylato-compound and an acetylacetonate. Salicylic 
acid gives rise to a complex acid^*^'' : 


H, 


C,H, 


\co-o/^*^\o.co/ 


C,H4 


The acetylacetonate Pd(C5H702)2 forms yellow crystals; it is mono¬ 
meric in benzene by the freezing-point, and it is isomorphous with the 
corresponding cupric compound.^®^* 


Sulphur Complexes 

The amine groups in the palladous diammine derivatives can be replaced 
by organic sulphur compounds, and especially by thioethers. The first 
work on these compounds was that of Tschugaev.^*®^* The sulphur is less 
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firmly attached to the palladium than nitrogen, and no isomers of these 
sulphides are known. The compounds are monomeric in chloroform solu¬ 
tion by the boiling-point, and in benzene by the freezing-point.^^^® The 
dimethyl compound (Me 2 S) 2 PdCl 2 has been shown by a detailed crystallo¬ 
graphic examination^®®® to be completely isomorphous with the a-form of 
the corresponding platinum compound, which is known to have a planar 
trans structure, and so no doubt the palladous thioether compounds like 
the diammines have the trans configuration. 

They are made (like the ammines) by the action of the sulphide on 
the palladochloride in water. The chlorides, bromides, and iodides are 
known.^®®® The products, which are all of the type (R 2 S) 2 PdX 2 , are soluble 
in chloroform and benzene, and even in ligroin. As we have seen, their 
melting-points are low, and their parachors show an unexplained diminu¬ 
tion as the size of the alkyl group increases. 

The corresponding chelate compounds have been made from the disul¬ 
phide EtS • CHg • CHg * SEt (' es ’) and are very similar,^®®^ but their melting- 
points are higher and their solubilities less.^®®® They are obviously cis- 
compounds, and their properties are in agreement with this. 

The complexes formed by aryl-alkyl sulphides^®®® can be used to identify 
the sulphides; those with palladous chloride nearly always are of the type 
(CeHs • S • R) 2 pdCl 2 , but when the alkyl group R is tertiary butyl or tertiary 
amyl this type loses a molecule of the thioether to give the red compound, 
(CeHs-S-RjPdClg, no doubt in the dimeric form. 

Selenium Complexes 

They are madei®®®“^ in the same way as the sulphur compounds, and are 
very like them; they are all of the type (R 2 Se) 2 PdX 2 , and the melting- 
points of the chlorides are: CH 3 127®; Et 45®; Bu 79®; 181®. The 

chlorides (yellow or orange), the bromides (dark orange), and the iodides 
(nearly black) are known; they are soluble in chloroform and in benzene, 
and monomeric in the latter by the freezing-points. They are only known 
in one series. 

Fritzmann also prepared the chelate derivatives of 
Et • Se • CH 2 • CH 2 • CH 2 • Se • Et. 

Complex Palladous Halides 

These salts, which have the general formula M 2 [Pd(hal) 4 ], are known 
with chlorine, bromine, and iodine, but not with fluorine.^®^®”^®*^®^® The 
chlorides are yellow or brown, and are isomorphous with the platinous 
compounds; the bromides are brown, and reasonably stable; the iodides 
are greenish-black. 

The chlorides are the first compounds in which it was shown that the 
4-oovalent palladous atom can be planar (Dickinson^®^®): see further, 
references The Pd—Cl distance is 2*29 A. 

1968 Ipatiev and B. S. Friedman, J.A.C.8. 1939, 61, 684. 
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The dissociation constant of the chloro-palladite ion [PdClJ has been 
found^®®^ by E.M.F. measurements to be at 25'' about 6x 10“^^. 


Complexes of the type (PdAmR 2)2 
These peculiar compounds are proved by the molecular weights in 
solution to be dimeric. The co-ordinated molecule Am here is not an amine, 
but can be a tertiary phosphine or arsine, or another molecule such as 
carbon monoxide or even ethylene. The phosphine and arsine compounds 
can be made from the di-phosphine or diarsine com¬ 
pounds (R 3 P) 2 PdCl 2 and (R 3 As) 2 PdCl 2 by boiling them with alcohol, when 
one molecule of phosphine or arsine is removed. With the arsines the same 
change can be effected by distillation: 

(R3A8)2PdCl2 —> RgAs + (R3A8PdCl2)2. 

The (dimeric) product is always crystallographically homogeneous, and 
never occurs in two isomeric forms; the corresponding phosphorus and 
arsenic compounds are always isomorphous. 

Compounds in which the chlorine of these substances is replaced by 
iodine, NO 2 , or CNS can be made.^®^® 

The dimerization evidently secures by co-ordination the four-fold cova¬ 
lency of the palladous atom; this can take place in three ways, as was 
originally suggested for a group of similar platinum compounds by Werner: 


(I) 


R3P\ /PRa 

>d( )Pd( 


CP 


’^PR, 

(IB) 


(IB) 


The most marked difference is between I and the two forms of II, since I 
has both the phosphine or arsine groups on the same palladium atom. The 
behaviour of these compounds is exactly like that of the monoalkyl auric 
halides (Alk*Au(hal) 2)2 (I. 186), except that the latter are not tautomeric 
in solution (as the palladium compounds are) but seem to be wholly of 
type I. 

Two of the solid compounds, the chloride and bromide (CH 3 ) 3 AsPdX 2 
have been shown by X-ray analysis^®®^® to be of the tjrpe II6. The rest 
may probably be of the same type in the solid state, but in solution they 
all behave tautomerically, the reactions being sometimes those of I and 
sometimes of II; the dipole moments support this, that of (R 3 P-PdG 3)2 
being 2*34,^®®® whereas that of (Et-AuBr 2)2 is 6*5 D. 


D. H. Templeton, G. W. Watt, and C. S. Gamer, ib. 1943, 65, 1608. 
J. Chatt and F. G. Mann, J.CJS. 1939, 1622. 
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Reactions of Type /. (Two P or As on one Pd) 

1 . They are formed directly from the diphosphine or arsine derivatives 
and the palladochloride, i.e. by the direct addition of PdCI^ to a molecule 
already having two of these groups on the Pd. 

2 . a,a'-dipyridyl converts the compound into (R 3 P) 2 PdCl 2 +(dipy)PdCl 2 
(the arsine does the same). 

3 . The phosphine compound with potassium oxalate gives 

(RaPl^PdCl^PdOx 

(the arsine gives no reaction here). 

4. The phosphine compound with potassium nitrite gives a tetranitro- 
product whose unsymmetrical structure is shown by its further reactions 
with oxalic acid and with dipyridyl, as follows: 

KNOg gives (R 3 P) 2 Pd(N 02 ) 2 Pd(N 02)2 • with oxalic acid this gives 
(R 3 P) 2 Pd(N 02 ) 2 Pd 0 x, and with dipyridyl 

(R3P)2Pd(N02)2 + (dipy)Pd(N02)2. 

5. With the arsine compound potassium nitrite gives a very similar 
reaction, the products being (R 3 A 8 ) 2 Pd(N 02)2 and K 2 [Pd(N 02 ) 4 ]. 

6 . With ammonia the arsine compound gives [(R 3 As) 2 Pd(NH 3 ) 2 ]Cl 2 and 
(R 3 As) 2 PdCl 2 . The phosphine reacts with ammonia after formula II, as 
we shall see. 

All these reactions give products which have two arsines or phosphines 
on one palladium, and therefore are derived from formula I. 


Reactions of Type II. (IP or As on each Pd atom) 

1 . The second method of preparation described above, the distillation 
of the arsine compound (R 3 As) 2 PdCi 2 , which we should expect to begin 
with the loss of one arsine. 

2 . The phosphine compound when treated with aniline, p-toluidine, or 
pyridine forms two molecules of the type 


R 3 Px /Cl 


a/ \H,N—At 


The arsine compound does the same, and so does the tetranitro- 
compound, with the NO 2 bridge. 

3. Unlike the arsine, the phosphine reacts with ammonia to give either 
[R 3 P*Pd(NH 3 ) 3 ]Cl 2 or RgP • Pd(NH 3 )Cl 2 —in either case a compound with 
one phosphorus on each palladium. 

The reaction of ethylene diamine is ambiguous. With the phosphine 
compound it gives in alcoholic solution [R 3 P Pd(e?i)C 13 Cl (a derivative of 
formula II) and in benzene a mixture of [Pd en^Cl^ and (R 3 P) 2 PdCl 2 , a 
derivative of I. The arsine compounds always react with ethylene diamine 
in the second way. 

The evidence for the tautomeric behaviour of these compounds is very 
convincing, and it shows how readily the groups attached to the palladium 
can be interchanged. 
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The oxalato-oompound (Bu 3 P) 2 PdCl 2 Pd(C 204 ) would naturally be 
written 


BuaPv /Cl\ 

^PdC Vd( 


BuoP 








^0—c=o 
''0—(L=o’ 


This, however, would involve a dipole moment of the order of 12 D, and 
the observed value is only 3It therefore seems not impossible that 
it may be the oxalato-group that is forming the bridge, and not the 
chlorine atoms. This would be compatible with three isomeric structures, 
corresponding to the three tetrachlorides above: 






R,P^ 


o—o=0\ xa 

I 

0—C=0/ 


Cl 


(I) 


R3P\ ^RRs 

C\/ ' \ci 
(Ila) 


R3Px 

Cl/ /pRs 
(lib) 


(0 standing for the middle bridged ring). 

The oxalato-group in this molecule would be symmetrical by resonance, so 
that the observed moment of 3-55 is not improbable for a tautomeric 
mixture of the 3. 

Of the ‘pure' double oxalates M 2 [Pd(C 204 ) 2 ] a sodium salt with 2 and a 
potassium salt with 3 HgO have been prepared.^®^^ 

As we have seen, a variety of atoms and groups can serve as bridges 
in these compounds. In the chlorobromide (R 3 P) 2 Pd 2 Cl 2 Br 2 an X-ray 
examination^^*^ showed that the twD atoms of the bridge are the same (not 
one chlorine and one bromine), and the reactions of the compounds indi¬ 
cate that they are most probably bromine. Among other groups which 
can act as bridges we have seen that there are NO 2 , CNS (no doubt 
through the sulphur) and probably the oxalato-group. Another group is 
thio-alkyl (Aik. S—), the mercaptan radical. Chatt and Mann^®^^ have 
shown that ethyl mercaptan acts on (BugP • PdCl 2)2 to replace first one and 
then the other of the bridge chlorines by the Et • S— radical; this is proved 
by the fact that dipyridyl and j?-toluidine, which will replace bridge 
chlorines, have no action on the product. These thio-compounds are as 
ready to react and interchange their groups as the other palladium com¬ 
pounds ; the monothiol compound, having the bridge 
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which is bright yellow, when it is dissolved in benzene is partly converted 
into the dithiol with the bridge 

Et 

A 


and the tetrachloro-compound, which is red; this is shown by the facts 
that the yellow colour turns to reddish, and the resulting solution reacts 
with dipyridyl, which only a bridge-chlorine will do. 

It is now clear that various other compounds of divalent palladium, 
and still more of platinum, of the type A PdXg polymerize in the same 
way; among the palladous compounds are the carbonyl CO PdClg 
(p. 1577): the phosphorus trichloride compound (PCl 3 )PdCl 2 , and the ester 
derived from it (P(OEt) 3 )PdCl 2 .^^® 

These compounds have not been proved to be dimeric, but there can be 
little doubt that they are so. 


Possible 6-covalent Palladoics Complexes 

The number of these compounds is certainly very small, and in none of 
them is the 6-covalency estabhshed. The most important examples are: 

1. Mann^®®’~® has described an apparently 6-covalent palladous com¬ 
pound of 1,2,3-triamino-propane (‘trp'), [Pd(trp) 2 ]l 2 . It is, however, 
possible that in this molecule only two of the three nitrogen atoms are 
acting as donors, which would reduce the covalency to 4. 

2. The action^*®^ of hydrochloric acid and hydrogen peroxide on 
(NH 4 ) 2 PdCl 4 gives a black compound of the composition (NH 3 ) 2 PdCl„ 
which is no doubt a Pd“—Pd*^ compound of the structure whose dark 




Cl 


a 

]>d» 

Cl 


^NH3 


colour is due to the resonance and the accompanying shift of the electronic 
charge. The hydroxide (NH3)2PdCl20H^®®® is also black. 

With these compounds it might be maintained that in either constituent 
form the 6 covalencies are only present on the tetravalent palladium atom, 
and the other two NHg groups are not really attached (like one of the 
fluorine atoms in the anion FgH); if this is not regarded as satisfactory, it 
is at any rate obvious that the instability of the 6-covalency of divalent 
palladium is helped out by the resonance energy. 

E. Fink, C.R, 1892, 115 , 176; 1898, 126 , 646. 

J.C.8. 1928, 892. i»«8 Ib. 1929, 666. 

L. Tsohugaev and J. Tsohemiak, Z. anorg. Chem, 1929, 182 , 169. 
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Another apparently 6-covalent complex is the addition product formed 
by the diazo-amino-complex (p. 1563) with another molecule of the diazo¬ 
amino-compound ; this is presumably tri-chelate. 



In any case it is clear that the palladous atom practically always has a 
covalency of 4, and that it rarely, if ever, either falls below or exceeds it. 

TRIVALENT PALLADIUM 

Thebe can be httle doubt that palladium is able to assume the trivalent 
state, but this condition is usually very unstable, and the compounds are 
confined to the oxide, the fluoride, and a few unstable complex chlorides. 
It is probable that the compounds are all really complex, and they all 
appear to be decomposed by water at the ordinary temperature. 

Palladium Sesquioxide^ Pd 203 

Palladium sesquioxide,^^’® like the dioxide, is endothermic and decom¬ 
poses at the ordinary temperature. It can be made (along with the dioxide) 
in the hydrated form PdgOg aq. by the cautious oxidation of a solution of 
palladous nitrate either anodically at —8°, or with ozone. This is an 
imstable chocolate-brown powder, going almost wholly into the monoxide 
PdO in 4 days in the cold, or more slowly in a desiccator. If it is heated 
the hydrate loses water, and then before this loss is complete it changes 
suddenly, with incandescence or explosion, into the monoxide. It is almost 
insoluble in nitric or sulphuric acid, but it readily dissolves in hydrochloric 
with evolution of chlorine, except at very low temperatures where it gives 
an unstable brown solution, which must contain trichloride or some com¬ 
plex derived from it. 

The sulphide PdgSg does not seem to exist.^®*^^ 

Palladium Trifluoride, PdFg 

It is very remarkable that this is the normal product of the action of 
fluorine on palladium or palladous chloride, and is more stable than the 
only other fluoride, the difluoride PdFg. The trifluoride is made^*’^ by the 
action of fluorine on palladium at 500° in a fluorite tube, or more easily on 
palladous chloride at 200-250°, when a quartz tube can be used. 

It is a black crystalline powder. It is isomorphous with the trifluorides 
of iron, cobalt, and rhodium,all of them being trigonal-rhombohedric^^’^. 

L. Wahler and P. Martin, ib. 1908, 57, 398. 
o. Ruff and E. Ascher, ib., 1929, 183, 206. 
w’* F. Ebert, ib. 1931, 196, 396. 

1878 X A. A, Ketelaar, Nature, 1931, 128, 303. 

1874 W. Biltz and J. Laar, Z. anorg. Chem. 1936, 228, 267. 
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the Pd—F distance is 2-06 A, and thus rather less than in the difluoride, 
where it is 2*16 A (theory 2 * 06 ). 

Palladium trifluoride is very hygroscopic, and decomposes in the moist 
state, but can be kept in a desiccator. It is very reactive; it is very easily 
reduced, the products being the difluoride and then metallic palladium; 
with hydrochloric acid it evolves chlorine, and with water it gives off 
oxygen, leaving the hydrated monoxide PdO,aq., or Pd(OH)2. When 
heated in air it is converted into the monoxide and palladium. Hydrogen 
reduces it to palladium in the cold, with incandescence. 

The black colour might suggest that the compound contains not triva¬ 
lent palladium but a mixture of divalent and tetravalent; this, however, is 
improbable in view of the behaviour of the complex haUdes (see below), 
and a strong colour is found in other trihalides of Group VIII in which the 
trivalency is beyond doubt, for example, in FeFg, green; CoFg, brown; 
RhFg, red. 


COMPLEXES OF TRIVALENT PALLADIUM 


The solution of palladium sesquioxide in cold hydrochloric acid, which 
must contain trivalent palladium in some complex form, readily breaks up 
on addition of potassium chloride into the di- and tetravalent complex 
salts K2PdCl4 and KgPdCl^. At low temperatures, however, it is possible 
by adding to the solution rubidium or caesium chloride to obtain the 
trivalent complexes Rb2[PdCl5] and Cs2[PdCl6].^^^® The rubidium salt is 
grey-green and the caesium salt is dark green, whereas the divalent 
C82[PdCl4] is flesh-coloured, and the tetravalent Cs2[PdCl6] is orange. 
These trivalent salts can also be made by oxidizing paUadous chloride 
with chlorine, and adding the alkaline chloride. On heating they evolve 
chlorine and are converted into the paUadous salts M2[PdCl4]. There 
seems to be no doubt that these salts really contain trivalent palladium : 
but it is curious that they have an odd covalency, which might be due to a 
polymerization to a Pd“—Pd*^ structure such as 


M4 


Cl4Pd( >dCl4 


in which the paUadium atoms would have an even covalency of 6, 

A trivalent paUadium solution can also be made by boUing the purple- 
red solution of paUadium tetrachloride in water, when it turns brown from 
its reduction to the trivalent state; further boUing turns it yellow from the 
formation of the divalent paUadium. 


TETRAVALENT PALLADIUM 

This state of paUadium, though more stable than the trivalent, has but 
smaU stability, in marked contrast to platinum. As with trivalent palla¬ 
dium, the compounds are probably aU complex; they are almost confined 
to the oxide, sulphide, compl<3X sulphides, and complex halides. No 
fluQrine compounds of tetravalent paUadium, simple or complex, are known. 
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Palladium Dioxide, PdOg 

Like the sesquioxide, this can only be made in the wet way, and is only 
known in the hydrated form. It is formed as a dark red precipitate by 
treating the paUadichloride MgPdCle with alkali. At 200° it loses oxygen 
and is converted into the monoxide PdO. It is a strong oxidizing agent, 
and slowly loses oxygen at the ordinary temperature. 

Palladium Disulphide, 

This can be made by heating palladous chloride with excess of sulphur 
to 400-500° and extracting the product with carbon disulphide; by the 
action of acid on the complex sulphide NagPdSg; or by heating the palladi- 
halide KgPdCl^ or RbgPdBre with sulphur to 200-300°. 

Palladium disulphide is a blackish-grey crystalline solid, easily soluble 
in aqua regia but in no other mineral acid. Its crystal structure seems to 
be unknown. 

Tensimetric experiments^®*^ showed it to be a stable compound, formed 
from the monosulphide and sulphur wdth the evolution of 1*5 to 2-0 k.cal. 

Palladium Diselenide, PdSeg 

The corresponding diselenide, and also the ditelluride are known^®*®; the 
former is olive-grey, and is soluble in concentrated nitric acid or in aqua 
regia: the telluride form silver crystals, which are soluble in dilute nitric 
acid. The selenium compounds of palladium correspond exactly to those 
of sulphur: they are Pd 4 Se, PdSe, and PdSeg. With platinum the mono- 
and disulphides are much more stable than with palladium, and no sulphide 
of platinum lower than the monosulphide PtS is known. 

Complex Sulphides of Tetravalent Palladium 

Sodium thiopalladate NagPdSs (Schneider, 1870)^®’^* is made by fusing 
the monosulphide PdS with sodium carbonate and sulphur : it forms 
reddish-brown needles—decomposed by water with the precipitation of the 
disulphide PdSg. 

A polysulphide which may contain divalent or tetravalent palladium is 
(NH 4 ) 2 PdSii, 1/2 HgO, made by treating a palladochloride solution with 
ammonium pentasulphide.’^®’’' It is purified by washing with ether and 
carbon disulphide, but cannot be recrystallized. 

Complex Halides of Tetravalent Palladium 

No binary palladic tetrahalides are known, but there is a series of com¬ 
plex derivatives containing chlorine and bromine, but so far as is known 
neither fluorine nor iodine. 

B. Schneider, Pogg. Ann, 1870, 141 , 526. 

A. Rosenheim and T. A. Maas, Z, anorg, Ghent, 1898, 18, 331. 

K. A. Hofmann and F. Hdchtlen, Ber. 1904, 37, 245. 

1878 Soherrer and P. Stoll, Z, anorg, Ghent, 1922, 121 , 316. 

H. B. Wellman, J,A,C,S, 1930, 52, 985. 

«8o L. Wahler, K. Ewald, and H. G. Krall, Ber. 1933, 66. 1638. 

1881 Biltz and J. Laar, Z. anorg, Ghent, 1936, 228 , 257. 
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In nearly all of these the palladium is in the anion, the type being 
M 2 Pd(hal)e, but a few diammines of the type of Pd[py 2 Cl 2 ]Cl 2 have been 
made.^®’® If a diammine of divalent palladium such as PdpygClg is 
suspended in chloroform and treated with chlorine, the tetravalent salt 
[Pd pygClglClg is precipitated as a deep orange crystalline powder. This 
loses chlorine rapidly in moist air, and liberates iodine from potassium 
iodide. If it is boiled with potassium hydroxide and the solution then 
neutralized with hydrochloric acid it is converted into the palladi-chloride 
KgPdCle, so that it obviously is a genuine tetravalent palladium compound. 

The corresponding bromides can also be made. 

Halopalladates or Palladihalides^ M 2 [Pd(hal)g] 

These are the least unstable of the tetravalent palladium compounds. 
They are formed by chlorine and bromine with almost equal ease; they are 
all of the 6-covalent type M 2 [Pd(hai)e]. 

Hexachlorides 

They can be made by the action of aqua regia on metallic palladium, 
or by saturating a solution of palladous chloride with chlorine. The 
potassium salt KgPdCl^ forms red octahedra which dissolve in dilute 
hydrochloric acid but not in a concentrated solution of an alkaline 
chloride. The rubidium and caesium salts are almost insoluble in cold 
water, evolve chlorine when boiled with water, and are rapidly decomposed 
by concentrated ammonia solution with evolution of nitrogen. The 
caesium salt is the stablest of the alkahne salts.^®®® The ammonium salt 
(NH 4 ) 2 PdCl«, also red crystals, can be made^®^® by the continued action of 
chlorine on the aqueous solution of thepaUadous diammine [Pd(NH 3 ) 2 Cl 2 ]'^. 

The salts are easily decomposed. Potassium palladichloride KgPdCl^ 
loses chlorine at all temperatures above 175®,^®®^ being converted into the 
palladous compound K 2 PdCl 4 . The kinetics of the reaction have been 
examined by Wellman,^®’® who determined the equilibrium ratio 

[Pda:]/[Pda;], 

and found satisfactory values of the constant, with no indication of the 
production of a neutral hexachloride PdCl® or its complexes. He found the 
solubility product of [K] 2 [PdCl 4 ] to be 6 X 10“® at 26®. 

Hexahromides 

The corresponding hexabromides MgPdBre have also been prepared,^®®® 
most readily by the action of bromine vapour on a saturated solution of the 
palladobromide M 2 PdBr 4 . They crystallize very well and are stable in air; 
like the chlorine compounds they are slightly soluble in cold water and 

«« F. Puche, C.R. 1935, 200, 12K)6. 

A. Gutbier and A. Krell, Ber. 1906, 38, 2386. 

1884 y, Puche, O.B. 1939, 208, 666. 
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Ga/rhonyl and Nitrosyl Compounds 

decomposed by hot, giving ofif bromine, and react violently with concen¬ 
trated ammonia with evolution of nitrogen and formation of the palladous 
salt M 2 PdBr 4 . The potassium, rubidium, caesium, and ammonium salts 
are all black. 

The rubidium salt is of interest because it was used^®'^® (along with 
Ni(NH 3 )eC ]2 and KgPtCle) to prove by X-ray analysis the truth of Wemer^s 
octahedral theory of the MXg ion: it was chosen because the atomic 
numbers of the elements are close together (Rb 37 ; Pd 46; Br 36). 


CARBONYL COMPOUNDS 


The only known carbonyl compound of palladium seems to be the 
halide Pd(CO)Cl 2 . Dry palladous chloride does not react with dry carbon 
monoxide on heating, though the chlorides of other platinum metals (Ru, 
Os, Rh, Pt) do so, and these metals can thus be removed from the palladium 
salt at 250°.^®®® But if carbon monoxide is passed through a suspension of 
palladous chloride in absolute alcohol at 0°, or if carbon monoxide 
saturated with methyl alcohol is passed at the ordinary temperature over 
the dry chloride, Pd(CO)Cl 2 is formed as a pale yellow solid, stable when 
dry but decomposed at once by water.^®®® The molecular weight is 
unknown; it may well be dimeric like (PdAmCl 2)2 (p. 1669), with the 


structure 


ci^ 


though as the E.A.N, of the metal in Pd(CO)Cl 2 is 52, we should expect it 
to be trimeric. This compound is peculiar among the simple carbonyl 
halides of the platinum metals in having only one CO to one metallic 
atom; the others (with Ru, Ir, and Pt) are of the type M(CO) 2 Cl 2 . 

The transient formation by palladium of other carbonyl compounds is 
indicated by its peculiar power of causing the oxidation of carbon monoxide 
by water^®®®*^®®®“’ or even its reduction by hydrogen.^®®® 


NITROSYL COMPOUNDS 

A NITROSYL halide Pd(NO) 2 Cl 2 is formed^®®® in exactly the same way as 
the carbonyl, by passing nitric oxide saturated with methyl alcohol 
vapour over cold palladous chloride; the brownish-black product is 
readily decomposed by water with evolution of gas and the formation of 
a black precipitate. A similar compound Pd(N 0 ) 2 S 04 is formed by the 
sulphate. 

If these are covalent compounds the palladium has an E.A.N. of 
46+2+6 = 64, and they should be monomeric, in which case we should 
expect them to be volatile; the valency of the palladium would be zero. 

W. Manchot, Ber, 1926, 58, 2618. 

W. Manchot and J. KCnig, ib. 1926, 59, 883. 

1887 Traube and W. Lange, ib. 1926, 58, 2773. 

1*®* H. S. Taylor and P. V. McKinney, J.A.C,S. 1931, 53, 3604. 
i®®» H. Wieland, Ber, 1912, 45, 679. 

1880 w. Manchot and A. WaldmuUer, ib. i926, 59, 2363. 



PLATINUM 

Platinxjm, the best known and the most abundant element of the family 
in the platinum ores, resembles palladium in its properties very closely, 
as we have seen. In nearly all its compounds it is either divalent or tetra- 
valent (see above, p 1550), the tetravalent compounds being much more 
stable than those of palladium. In both these states it forms complexes 
with great readiness and in great variety, and these are much more stable, 
especially the tetravalent, than the corresponding palladium complexes. 

Metallic Platinum 

Platinum is a ductile and not very hard metal, melting at l,773*5d:; 

Like palladium it is attacked more readily by acids than the other platinum 
metals, but less by oxygen. The behaviour of the metal in presence of 
oxygen is in general that of a noble (i.e. non-oxidizable) metal: platinum 
can be precipitated from a solution of chloroplatinic acid in 6-normal 
hydrochloric acid at 25° by hydrogen under 30 atmospheres pressure^®®*; 
platinum vessels can of course be ignited m air without damage. But it is 
able to adsorb oxygen on the surface, and to hold it with a firmness which 
suggests chemical combmation. Thus platinum, and especially platinum 
black, when heated in oxygen absorbs it apparently chemically, although 
the maximum amount absorbed does not exceed 2*6 per cent. (PtO con¬ 
tains 7*6 per cent, oxygen).^®®® So, too, in a discharge tube pure oxygen is 
readily absorbed by white-hot platinum until a hard vacuum remains^®®^: 
this method can be used to remove traces of oxygen from other gases. 

Under ordinary conditions the metal is scarcely attacked by oxidizing 
agents. It is not acted on by sodium hydroxide below 400°.^®®^ It is, 
however, soluble to some extent in potassium cyanide, even in the absence 
of air, when hydrogen is evolved^®®®; this is a sign of the strength of the link 
between platinum and a CN group. It is also perceptibly dissolved 
(platinum foil up to 0*04 mg. per square metre per hour) by concentrated 
sulphuric acid at its boiling-point.^®®’ 

Platinum can be obtained in a great variety of forms, ranging in 
their dispersity from the massive metal to a colloidal solution. Spongy 
platinum, made by heating ammonium chloroplatinate, has a considerable 
surface; platinum black, which can be made by warming a solution of 
platinouB chloride in potassium hydroxide with alcohol, is a black powder 
with a very large surface and a high absorptive power for gases. What 
seems to be another form of this is the so-called explosive platinum, made 
(like explosive iridium or rhodium) by fusing platinum with zinc and 

W. F. Roeser, F. R. Caldwell, and H. T. Wensel, Bur, Stand, J. Rea, 1931, 6, 

1119. 

V. G. Tronev, BvU. Acad, Set. U,E,S,S. 1937, 333. 

L. Wdhler, Ber. 1903, 36, 3475. 

E. Goldstein, ib. 1904, 37, 4147. 

M. le Blanc and L. Bergmann, ib. 1909.42, 4728. 

F. Glaser, Z, Elehtrochem, 1903, 9, 11. 

M. Del6pine, C,R. 1906, 141 , 1013. 
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Platinum and Hydrogen 

extracting the alloy with hydrochloric acid; this material, when heated in 
the air, will deflagrate or even explode, owing probably to the occluded 
hydrogen which it contains.^^®® 

Colloidal platinum can be made by reducing platinic chloride with 
hydrazine in presence of a protective colloid such as sodium lysalbate,* or 
by Bredig’s method of passing an electric arc between platinum poles 
under pure water. Its catalytic power is very great; Bredig found that 
the rate of decomposition of hydrogen peroxide was perceptibly increased 
when the solution contained 0-03 mg. of platinum per litre. 

Platinum does not readily amalgamate with mercury, but Moissan^®®® 
describes an amalgam which has a peculiar power of emulsifying with 
water, forming a butter-like mass when shaken with it for 15 seconds; 
according to Lebeau^^®® this behaviour is peculiar to platinum, and is 
perceptible with as little as 0*038 per cent. It seems possible that these 
amalgams contain suspended particles of solid platinum, which hinder the 
separation of the two phases. 

Platinum and Hydrogen 

Platinum has a remarkable power, though far less than palladium, of 
absorbing hydrogen. To some extent the hydrogen enters into the metal: 
a platinum wire 0*3 mm. thick will absorb 0*15 volume of hydrogen at 
409®, and 2*02 volumes (0*084 mg. per 100 g.) at 1,342®.^^®^ But the 
absorption is mainly superficial, and depends on the state of division of 
the metal; with platinum black it may reach 160 volumes.^^®® Langmuir 
has shown^^®® that at low temperatures platinum will only absorb gases if 
it has been ‘ activated ’ by heating it to 300® in hydrogen and oxygen at 
low pressures; it then absorbs oxygen, hydrogen, or carbon monoxide up 
to a monomolecular layer. 

Owing to these facts hydrogen has a power of passing through heated 
platinum (as it does through palladium) which no other gas has. The rate 
increases greatly with temperature up to a white heat, and at any given 
temperature is proportionaP^®^ to the square root of the pressure of the 
hydrogen, as it should be if it is the dissociated atoms that have to pass 
through. See further, references 

Platinum black and colloidal platinum have been much used of recent 
years as carriers of hydrogen in organic reductions. Thus Willstatter and 

♦ This is the soluble salt obtained by heating albumen with sodium hydroxide. 

1888 E. Cohen and T. Strengers, Z, phyaikal. Chem. 1908, 61, 698. 

H. Moissan, G,R. 1907, 144, 593. 

P. Lebeau, ib. 1907, 144, 843. 

A. Sieverts and E. Jurisoh, J5er. 1912, 45, 221. 

A. Gutbier and O. Maisch, ib. 1919, 52, 1368. 

1*®® I. Langmuir, J.A.C,S. 1918, 40, 1361. 

1404 o. W. Richardson, J. Nicol, and T. PameU, Phil, Mag. 1904, [6] 8, 1. 

14®® V. I. Goermikin, BuU, Acad, Set, U,R,S.S, 1943, 401. 

i4®« Id., ib. 1944, 185. 


14®^ Id., ib. 105. 
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Group VIII. Platinum 

his co-workers have found that unsaturated compounds like oleic acid, 
geraniol, or cholesterol can be reduced by passing hydrogen into their 
solutions in presence of platinum black^^°®~®; the reaction often fails with 
pure platinum black, but occurs readily if the material has been exposed 
to oxygen^^^®; the activity ceases after a time and can be restored by 
reoxidation. Colloidal platinum is even more effective, being about as 
active as an equiatomic quantity of colloidal palladium.Roger Adams 
and his co-workers^^^^-is oxide of the composition PtOg, HgO, made 

from platinichloric acid by fusion with potassium nitrate, to be even more 
effective. 

MONOVALENT PLATINUM 

Only one compound of monovalent platinum has been isolated, and 
even this one not in the pure state. If platinum tetrachloride is heated^^^* 
under 1 atm. pressure of chlorine, it is converted successively into PtClg 
(blackish-green) and platinous chloride PtClg, which is brownish-green. 
At a slightly higher temperature this last loses more chlorine and passes 
into a mixture of metallic platinum and a new yellow-green substance 
which is supposed to be the monochloride PtCl; it could not be got in 
a pure state, but its composition approximately agreed with this. Its 
stability range is only about 581-583° under a. pressure of chlorine slightly 
less than an atmospWe. Iridium forms a monochloride in the same way 
(above, p. 1531), and also a monobromide and a monoiodide to which there 
are no platinum analogues. 

Manchot has also shown^^^i platinum can be obtained in solution 
in an apparently monovalent state, in the same way as palladium. If a 
solution of potassium platinocyanide K 2 Pt(CN )4 is reduced with sodium 
amalgam or any other strong reducing agent, the solution remains colourless 
but acquires strong reducing properties. It will reduce a mercurous or a 
cadmium solution to the metal: it evolves hydrogen vigorously on addi¬ 
tion of hydrochloric acid: the platinocyanide has none of these reducing 
properties. A platinochloride does not do this, but is reduced to the metal. 
It is suggested that the reducing salt formed must be the cyanide 
K 2 [Pt(CN) 3 ], as with nickel; it is of course possible that it may be the not 
otherwise known K 4 [Pt(CN) 4 ]. 

R. Willstatter and E. W. Mayer, Ber, 1908, 41, 1476. 

Id., ib. 2199. wi® R. Willstatter and D. Jaquet, ib. 1918, 51, 767. 

C. Paal and A. Schwarz, ib. 1916, 48, 994. 

W. H. Carothers and R. Adams, J.A,C.S. 1923, 45, 1071. 

R. Adams and R. L. Shriner, ib. 2171. 

1414 53 ^ Kaufmann cwid R. Adams, ib. 3029. 

1418 "VY, H. Carothers and R. Adeuns, ib. 1924, 46, 1676. 

1*1® Id., ib. 1926, 47, 1047. 

1*1’ J. S. Pierce and R. Adams, ib. 1098. 

1*1* J. W. Kem, R. L. Shriner, and R. Adams, ib. 1147. 

1*1® L. Wdhler and S. Streicher, Ber. 1913, 46, 1691. 

i*»® L. W6hler and F. Muller, Z. anorg. Ghem\ 1926, 149, 377. 

^**1 W. Manchot and G. Lehmann, Ber. 1930, 63, 2776. 
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DIVALENT PLATINUM 

This is one of the two main valencies of platinum, being only slightly if 
at all less stable than that of 4. None of the compounds dissociate to form 
the simple platinous ion ; nearly all are by their formulae necessarily 
complex, and the relatively few that are not, such as the binary com¬ 
pounds, are probably in fact auto-complex. We may take these apparently 
simple compounds first: they include an oxide, hydroxide, and sulphide, 
and three or perhaps four dihaUdes. 

Platinous Oxide^ PtO 

Platinous oxide is a grey powder, which can be made by heating the 
hydrate Pt(OH )2 or PtO, HgO; but the water cannot all be removed with¬ 
out the loss of some oxygen as well.^^^^ The stability limits of the oxides 
of platinum, and their dissociation tensions, are not easy to determine^^*® 
because the equilibrium is only slowly established, and also there is a wide 
range of solid solutions among the oxides. Platinous oxide can be made 
directly by the action of oxygen under 8 atm. pressure on the metal at 

42(>~440°.i426 

The hydroxide Pt(OH )2 can be made by the action of hot potassium 
hydroxide solution on platinous chloride or potassium chloroplatinite or 
better^^^^ by reducing the chloroplatinate with sulphur dioxide, and adding 
potassium hydroxide solution. It is a black powder which is easily oxidized 
by air, and so must be prepared in an inert atmosphere; it is reduced by 
hydrogen peroxide to the metal, and oxidized by ozone or potassium per¬ 
manganate to the dioxide; it behaves as a weak base. It is obviously an 
unstable substance; hot alkalies or hydrochloric acid convert it partly into 
the platinic compound and metallic platinum. 

Platinous Sulphide^ PtS 

This substance can be made from the elements or by fusing platinous 
chloride with sodium carbonate and sulphur. The dissociation tensions of 
sulphur in the system platinum-sulphur indicate^^^® that no compounds 
are there formed except the mono- and disulphides PtS and PtS 2 . 

Platinum monosulphide is a green powder, which can be converted into 
metallic platinum by heating in air or hydrogen. 

The crystal structure shows that each platinum atom has 4 planar bonds, 
and each sulphur 4 tetrahedral bonds.^^*’ 

Platinous Fluoride^ PtFg 

This is said to occur as a greenish-yellow solid which can be made from 
its elements, but it is not mentioned by RufF. 

L. Wdhler, Z, anorg, Chem, 1904, 40, 423. 

L. Wahler and W. Frey, Z. EUktrochenu 1909, 15, 129. 

L. Wohler and F. Martin, ib. 791. 

P. LafHtte and P. Grandadam, G.i?. 1935, 200, 456. 

1426 Biltz and R. Juza, Z, anorg, Chem, 1930, 190, 161. 

WeUs, S.I,C. 391-2. 
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Platinous Chloride, PtClg 

This can be made by heating platinum in chlorine to 600°, or by the 
thermal decomposition of the tetrachloride. It is stable under a pressure 
of 1 atm. of cUorine at all temperatures from 435° to 581°^^*® (compare 
PtCl 581-683°). It is a brownish-green solid, insoluble in water, but 
dissolving in hydrochloric acid to form the platinochloride H 2 PtCl 4 , with, 
however, some decomposition to metallic platinum and the acid HgPtCl^. 
It forms many complexes. 

Platinous Bromide, PtBrg 

This can be made by heating hydrogen platino- or platinibromide, 
which decomposes much more slowly than the chloride.^^^® It can also be 
got from the tetra- or the tribromide by loss of bromine at 410°, but with 
difficulty; it seems to have a stability range of not more than 5°. In water, 
hydrobromic acid, or alcohol, platinic bromide PtBr 4 dissolves very easily, 
the tribromide slowly, and platinous not at all. The dibromide has a 
brown colour. 

Platinous Iodide, PtIg 

This is very like the bromide. It can be made by treating platinous 
chloride with potassium iodide, or the chloroplatinate with potassium 
iodide and iodine. The changes in the system platinum-iodine^^^® take the 
same course as with bromine, but are even slower; the system must be 
kept at constant temperature for days before equilibrium is reached. 
Platinic iodide Ptl 4 loses iodine even in contact with saturated iodine 
vapour at 350°, and forms the tri-iodide. If at this temperature the pres¬ 
sure is lowered to 3 atm., the composition of the solid falls in 3 days to 
Ptig, which, however, is difficult to get pure, as it forms a solid solution 
wdth the tri-iodide Ptij. 

Platinous iodide is a black powder like lamp-black, which is insoluble 
in water, alcohol, ether, and ethyl acetate. 

Platinous Cyanide, Pt(CN)2 

A pale yellow precipitate of this composition, but of unknown structure, 
is got by adding mercuric cyanide to a solution of a chloroplatinate. It is 
insoluble in acids and alkalies. 

Platinum Blue, Pt(NH -CO-0113)2 

If the yellow compound PtCl 2 (CH 3 CN )2 is treated with silver nitrate 
solution, silver chloride is immediately precipitated, and the compound 
goes into solution with the development of a vivid blue colour.^^®® This 
was shown^^^^ to be due to the acetamide derivative Pt(NH-CO -CH 8 ) 2 * 


14*8 Wohler and S. Streicher, Ber, 1913, 46, 1691. 

L. Wohler and F. Miiller, Z. anwg. Chem, 1926, 149, 377. 
K. A. Hofmann and G. Bugge, Btr, 1907, 40, 1777. 

Id., ib. 1908, 41, 312. 
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This is most conveniently made by treating ihe acetonitrile compound 
PtCl 2 (CH 3 CN )2 with silver sulphate, adding methyl alcohol, and precipi¬ 
tating with ether. It forms deep blue crystals with a green reflex, of the 
composition Pt(NH CO- 0113)2 H 2 O. The molecular weight was found 
cryoscopically in water to be 334 (calculated for the monomeric form 329). 
The solution is stable to dilute sulphuric acid, acetic acid, sodium chloride 
sulphate, and carbonate, so that the blue substance is not colloidal. On 
standing with concentrated hydrochloric acid and potassium chloride it is 
conve^fted into the chloroplatinite, showing that the platinum is divalent. 
It is evidently formed through the reaction 

Pt^N^.CH 3 -^ Ft— NH— CO CH 3 . 

COMPLEXES OF DIVALENT PLATINUM 

Divalent platinum has almost as strong a tendency to form complexes 
as any other element. The range of its complexes is very wide, and many 
of them are of remarkable stability. The tendency to co-ordination is as 
usual highly selective, the strongest links of divalent platinum being to 
nitrogen, sulphur, the halogens, and under special conditions carbon, 
while the link to oxygen is very weak. Complexes co-ordinated through 
nitrogen are formed by amines, hydrazine, hydroxylamine, nitriles, and 
NO 2 groups: complex halides are formed by all the halogens except 
fluorine, and sulphur compounds by the alkyl and aryl thio-ethers. Doubly 
linked carbon, especially, but not only, when doubly linked to another 
carbon, has a peculiarly strong affinity for platinum. 

The covalency of platinum in its divalent complexes is almost invariably 
4, even in some compounds where it seems to be 3; but in a few complexes 
it seems certain that the platinous atom has a covalency of 6 , though not 
much is known of these. 

The complexes cover the whole range from the tetrammines such 
as [Pt(NH 3 ) 4 ]X 2 to the tetra-acido-compoimds such as MgfPtClJ or 
M 2 [Pt(CN) 4 ], all the intermediate types such as [Pt(NH 3 ) 2 Cl 2 ] being known. 

Many of the complexes occur in apparently isomeric forms; Werner’s 
view ^^^2 tjiat the isomerism is due to the four atoms attached to a divalent 
platinum atom being in the same plane with it and at the points of a square, 
has finally, after much controversy, been established. 

We may consider the small group of 6 -covalent complexes first, and 
then proceed to the 4-covalent, which include the great majority. 

6 -Covalent Platinous Complexes 

These are of four, ail rather unusual kinds. The first two are all nitrile 
or isonitrile compounds,♦ and were discovered by Tschugaev and his 

♦ The structure of the co-ordination compounds of divalent platinum with nitriles 
and isonitriles is discussed in more detail later, among the 4-covalent compounds 
(p. 1589). 

1482 A. Werner, Z, anorg, Chem, 1893, 3, 351. 
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colleagues. They showed^^®® that the acetonitrile compound of platinouB 
chloride, Pt(CH 3 0^)2012 when treated with aqueous or liquid ammonia 
takes this up, and forms the cis and trans isomers of the compound 
[Pt(CH 3 CN) 2 (NH 3 ) 4 ]Cl 2 , colourless and very soluble substances, in which 
the ammonia is so firmly attached that it cannot be titrated with mineral 
acids, and can only be removed by boiling with concentrated hydrochloric 
acid, when the 4-covalent compound [Pt(NH 3 ) 2 Cl 2 ]° is left. There can be 
no doubt that in these compounds the platinum has a covalency of 6. 

The second class^^^^~® are hydrazine derivatives of the phenyl isocyanide 
compound. The first series of these that were obtained were of the type 




NHo—NH\ 


(CeH,.NC)4Ptf 

\NH—NH/ 


Pt(CN(D)4 




The chloride [BjClg, 8 HgO, which was the first made, is a red salt which 
was shown by the freezing-point and the conductivity to have in water 
the molecular weight to be expected of a tri-ionic salt. The colours of 
these salts suggest that they are dimorphic.^^®^ The chloride is red, but 
turns green on heating, and recovers its red colour on cooling; the iodide 
(4 HgO) is green; the perchlorate (2 HgO) red; the azide [B](N 3 ) 2 ,2 HgO 
red. The salts of the corresponding complex'of ethyl isocyanide were also 
made (nitrate red; perchlorate yellow; iodide yellow; chloroplatinate red). 
All these compounds when treated with concentrated hydrochloric acid 
lose half their isonitrile, and give 4-covalent salts of the type of 




NH,—NH\ 


(R.NC)*Ptf :: 

\NH—NH/ 


Pt(R.NC)2 


Xj, 2 Ha 


(the 2 HCl are probably attached to the NH). Another group of com¬ 
pounds which probably but not certainly are 6-covalent are the triamino- 
propane derivatives of divalent platinum,^*®* such as the iodide, which 
may be written 


CHj.NH. NH.-CH, 

i ^ ^ I 

CH NHj-^PU-NH,. CH 


It is not proved, although it is probable, that all three amine groups of 
each molecule are attached to the platinum. 

The last series of 6-covalent platinous complexes is of quite a different 
kind, consisting of some of the chelate oxygen-co-ordinated diketone 
derivatives. Wemer^^®’ found that acetylaoetone (HA) acts on a chloro- 

L. Tsohugaev and W. Lebedinski, C.iK. .1916, 161, 663. 

L. Tdohugaev, M. Skanavy-Grigorieva, and A. Posniak, Z. anorg, Chem, 1926, 
148, 37. 

Id., Ann. Inst, Platine, 1926, 4, 299. 

P. G. Mann, J.O.S, 1928, 890. 

A. Werner, Ber. 1901, 34, 2684. 
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platinite in presence of alkali to give (amongst other products in which the 
platinum is 4-covalent) a salt K[PtCli4 J and a very soluble salt from which 
the sodium derivative Na 2 [PtCl 2 A 2 ], 5 H 2 O can be isolated: this is a yellow 
salt stable enough to be recrystallized from water. In this last salt the 
covalency of the platinum must be 6; the enolic form of acetylacetone is so 
weak an acid, and the affinity of the platinous atom for oxygen is so small, 
that an acetylacetone derivative could only acquire the stability which 
this compound is shown to have if it were chelate. In the other salt 
M[PtA 2 CI] the covalency of the platinum must be 5; no other 5-covalent 
platinous salt is known. 

4 -Covalent Platinous Complexes 

All the remaining platinous complexes are 4-covalent; they may be 
roughly classified according to the atoms (C, N, O, etc.) attached to the 
platinum. 

Complexes with Ethylene Derivatives 

All co-ordination tendencies are specific: just as the central atom of 
stannic chloride will attach itself to the oxygen of a ketone or aldehyde 
group, but not to that of an ether, nor to a double carbon link; just as 
the aluminium in aluminium bromide attacks first the carbonyl and then 
the ether oxygen, but does not touch the C==C link: so a divalent platinum 
atom, with little or no tendency to join itself to the oxygen atom either 
in an aldehyde or ketone, or in an ether, is very ready to co-ordinate 
with a doubly or triply linked carbon atom, whether the multiple link 
attaches the carbon to a different atom as in an isocyanide or in carbon 
monoxide, or to another carbon atom in ethylene and its derivatives.^^^^ 

A compound of platinous chloride with mesityl oxide was obtained by 
Zeise in 1840, and shown in 1900^^^® to have the composition PtClgjCeHioO, 
and to be monomeric by the freezing-point. Other compounds with 
unsaturated organic substances were also prepared.^^®® 

Platinum has a strong tendency to combine with ethylene, as it has 
with carbon monoxide (see later, p. 1627). Metallic platinum in a finely 
divided state as platinum black, or still better as the hydrosol, will absorb 
up to 0*88 of a molecule of ethylene to 1 atom of platinum (palladium 
absorbs even more, but iridium and osmium none at all).^^^® The pheno¬ 
menon is complicated by some kind of polymerization taking place on the 
surface of the metal. The power which platinum, especially in the form of 
the sol, has of catalysing the reduction of ethylene by hydrogen is no doubt 
connected with this.^^^^ 

The formation of a co-ordinate link with a C=C group is in general 
very imusual, and it is important to be sure that it is the C=C which 

it88 prandtl and K. A. Hofmann, ib. 1900, 33, 2981. 

K. A. Hofmann and J. v. Narbutt, ib. 1908, 41, 1626. 

1**0 C. Paal and A. Schwarz, ib. 1916, 48, 1196. Id., ib. 1202* 

E. Biilmann and A. Hoff, Rec. Trav, 1916, 36, 306. 

P. Pfeiffer and H. Hoyer, Z, anorg, €hem. 1933, 211, 241. 
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actually forms the link. A large number of addition compounds of 
imsaturated alcohols, acids, and esters have been prepared by Biilmann^^^; 
in order to make certain that in these compounds the linkage of the 
platinum is to the C^C and not to the oxygen, Pfeiffer compared each of 
Biilmann’s organic components with the corresponding saturated alcohol, 
aldehyde, etc., and showed that in every case the latter refused to react. 
The co-ordination was shown by the red-brown colour of the platino- 
chloride solution turning to yellow, and the complex ion produced could 
then be isolated as the salt of such cations as [Pt(NH 3 ) 4 ]'" or [Co(en) 2 Cl 2 ]'. 
The salt always had the composition M[PtCl 3 Un], where Un stands for 
one molecule of the unsaturated addendum: for example, with allyl alcohol 
the salt produced was K[PtCl 3 (CH 2 • CH • CHgOH)], Salts of this type were 
obtained with allyl alcohol, allyl acetate, crotyl alcohol, crotyl acetate, 
and crotonic aldehyde, but not with propyl alcohol, propyl acetate, butyl 
alcohol, butyl acetate, or butyraldehyde. These results show very clearly 
that divalent platinum attaches itself very readily to C==C, but not to 

I 

—C—O— or !!>C=0. 

I 

Most of the imsaturated molecules used for these addition products 
have been ethylene and its homologues; the products are all either of the 
salt type given above, or of the non-ionized type [Pt(hal) 2 Un 2 ]°. The 
ethylene compound has already been mentioned. The corresponding 
propylene and amylene salts have been made, and an ethylene compound 
of the bromide, K[PtBr 3 (C 2 H 4 )]. Recently Anderson^^^^ has extracted 
‘Zeise’s salt’ K[PtCl 3 ( 02114 )] or its basis [PtCl 2 (C 2 H 4 )]° with ether, and 
obtained a substance of the composition PtCl 2 02114 . It forms orange 
crystals, fairly soluble in chloroform, slightly in benzene. The molecular 
weight found by the Berger-Rast method was dimeric. Excess of pyridine 
converts it into PtOl 2 py 2 , showing that the platinum is still divalent. It 
decomposes at 125-130°. Unlike its carbonyl analogue the compound will 
not take up any more ethylene. The slightly soluble quinoline salt 
(Quin. H) [Pt 0 l 302 H 4 ] can be recrystallized from hot water; excess of 
quinoline converts it into the non-ionized compound [PtCl 2 (quin)C 2 H 4 ]°. 

If [PtCl 2 C 2 H 4 ] is treated with hydrobromic acid and quinoline, it gives 
the bromide (Quin. H) [PtBr 3 C 2 H 4 ], which is less stable than the chloride, 
and is decomposed by hot water. The stability of the complex K[PtX 3 C 2 H 4 ] 
appears to decrease in the order Cl > Br > NO 2 > CNS > CN. 

With the amino-ethylene compounds [PtX 2 Am(C 2 H 4 )]° Gelman^^^^ has 
shown that the stability increases in the order 

Am == S=C(NH 2)2 < NH 3 < py < quin 
and X = CN<CNS<N 02 <I<Br<a: 

J. S. Anderson, J.C.8. 1934, 971. Id., ib. 1936, 1042, 

M. S. Kharasch and T. A. Ashford, J.A.C.S. 1936, 58, 1733. 

A. Grelman, Soi. Rep, Leningrad Univ, 1936, 2, 5. 
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the last series compares curiously with that given above, but it is obvious 
that in Grelman’s neutral compounds, which must be dimeric, the X is 
performing a double function; it has to hold the two halves together, as in 

Gelman^^^® has shown that K 2 PtCl 4 combines with R CH==CH 2 , where 
R = methyl, ethyl, or phenyl, to give K[PtCl 3 (R • CH==CH 2 )] which 
ammonia or pyridine (= B) convert into [PtCl 2 B(R-CH==CH 2 )]°; if R is 
phenyl they also get [(PtCl 2 (<E> • CH=CH 2 ))] 2 . The cis and tram forms of 
[PtBr 2 B(CH 2 ==CH 2 )]° (B = NH 3 or py) are produced by the action of 
ethylene on the salt NH 4 [PtBr 3 B]. The complex K[PtCl 3 ( 02114 )] with 
aqueous sodium nitrite gives K[PtCl(N 02 ) 2 (C 2 H 4 )].^^^® Butadiene C 4 He 
can co-ordinate strongly with either one or both of its double links, 
giving, for example, (NH 4 ) 2 [C 4 H 6 (PtCl 3 ) 2 ], and [C 4 H 0 (PtCl 2 NH 3 ) 2 ]°, as well 
as [PtCl 2 py(C 4 He)]° and [PtCl 2 NH 3 (C 4 He)]". 

Further compounds can be made^^^® by boiling the hydrocarbon in 
benzene solution with platinic chloride PtCl 4 , when the platinum is 
reduced to the divalent state, and the compound PtCl 2 Un is formed: for 
example, with dimethylethylene the compound [(CH 3 ) 2 C=CH 2 *PtCl 2 ]°, 
which was shown cryoscopically to be dimeric in benzene. The factors 
determining the stability of the complex salt have been studied by 
Anderson.^^^® The ease of formation depends not only on the position of 
equilibrium in the addition reaction, but also on the solubility of the salt 
produced; this difficulty can be largely overcome by making the salts of 
the cations [Pt(NH 3 ) 4 ]" or [Co(en) 2 Cl 2 ]', which are relatively insoluble. In 
general, substitution in the ethylene greatly lowers the stability of the 
complex, as well as increasing the solubility of its salts. Direct addition of 
the alkylene to platinous chloride, or to the chloroplatinite, is only possible 
for ethylene and for styrene O • CH=CH •<[>. We can often replace ethylene 
in PtCl 2 C 2 H 4 or in K[PtCl 3 C 2 H 4 ] directly by other unsaturated hydro¬ 
carbons, whose volatility largely determines the reaction. It is to be 
noticed that ethylene is not expelled even by carbon monoxide, so that 
the Pt—C 2 H 4 link must be stronger than Pt—CO. The only hydrocarbons 
nearly as strong as ethylene were found to be stjrene and amylene. The 
order of co-ordinating tendency (beginning with the strongest) was found 
to be ethylene > styrene > amylene > indene (CjHg) > cyclohetene > 
02 C=CH 2 and <D(CH 3 )C=CH 2 . 

The structures of these C=C complexes are made clear up to a certain 
point by their resemblance to the carbonyls (below, p. 1627), which is 
remarkably close.^^^^ We have three series of compounds [PtXgR]®, 
[PtXgAmR]®, and M[PtX 3 R], in which R may be either CO or R 2 C==CR 2 . 

A, Gehnan, Ann. Sect. Platine, 1939, No, 12, 21. 

Id., ib. No. 16, 29. 

A. Gelman and Z. P. Maxunova, O.B. Acad. Sd. U.E.SJ5. 1939, 24, 748. 



1688 


Group VIIL Platinous Complexes 

We have the salt K[PtCl 3 C 0 ], HgO corresponding to K[PtCl 3 ( 02114 )], HgO; 
both of these are decomposed by potassium cyanide to form the platino- 
cyanide K 2 Pt(CN) 4 , with quantitative liberation of the ethylene or the 
carbon monoxide. On heating with water to . 100 ° both these salts decom¬ 
pose in almost exactly the same way: 

K[PtCl 3 CO] + H 2 O = KOI + 2 HCl + Pt -f COg: 

K[PtCl 3 C 2 H 4 ] + H 2 O == KOI + 2 HCl + Pt + CHg CHO. 

In the carbonyls we know that the linking is Pt-e-C^O. It is therefore 
evident that in the alkylene compounds the C=C group acts as a donor 
and fills one co-ordination place: the interpretation of addition compounds 
of unsaturated hydrocarbons is so difficult that it is satisfactory to get at 
least these points settled. We must therefore have a Pt-^C link. Hence 
in the ethylene compound the carbon attached to the platinum must share 
two electrons with it, and 4 with the 2 hydrogen atoms: this leaves only 
2 for the other carbon, so the C—C link must be single, and the more 
remote carbon can only have a sextet of electrons, the structure of the 
group being (according to which symbols we prefer) 

Pt^— 011 / 2 '^— 01^2 or Pt—CP 2 — 0 ^ 2 * 

val. els. 8 6 8 6 

Complex Cyanides 

The complex cyanides are all of the type M 2 [Pt(CN) 4 ]. They are excep¬ 
tionally stable, and are readily formed. Thus metallic platinum will dis¬ 
solve in a solution of potassium cyanide or barium cyanide under the 
influence of an alternating current.^^^^ In the same way other co-ordina¬ 
tion compounds of platinum, for example the carbon monoxide and 
ethylene complexes, are converted by potassium cyanide into the platino- 
cyanides with separation of the co-ordinating groups. Potassium platino- 
cyanide K 2 pt(CN )4 is conveniently made by fusing potassium ferrocyanide 
K 4 re(CN )4 with platinum, or by dissolving platinous chloride in potassium 
cyanide solution. 

The free acid is relatively stable. If a concentrated solution of it is 
extracted with ether and the ethereal solution evaporated, red prisms of 
the acid, H 2 Pt(CN) 4 , 5 HgO separate, which are deliquescent, and decom¬ 
pose on heating above 140°. 

Among the numerous platinocyanides are the following. Li, 4 H 2 O, 
grass-green, goes over sulphuric acid at 25° to the canary-yellow anhy¬ 
drous salt.^*®* Na, 3 K, 12 and 3 H 2 O, pleochroic, very soluble. 

A. Brocket and J. Petit, C.J?. 1904, 138, 1096. 

'*** J. Milbauer, Z, anorg. Ckem. 1907, 53, 135. 

H. Baumhauer, Z, KriaL 1907, 43, 366. 

Id., ib. 1911, 49, 113. ““ J. Beuel, Z. Wise, Phot. 1913, 11, 160. 

im Tsohirwinflki, Z. Kriat. 1913, 52, 44. . 

N. Orlov, Chem. Ztg. 1913, 36, 1407. 

F. E. E. Germann and O. B. Muench, J. Phya. Chem. 1929, 33, 416. 
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Rb,3H20^^^^ (hydration very remarkable). N(CH 8 ) 4 , anhydrous, very 
soluble in water.^^^ Ag, anhydrous, insoluble.^*^^ Mg, 7 Ca, 5 HgO, 

dimorphic, stable form yellow, unstable red. Sr, 5 HgO, <iimorphic. 
Ba, 4 HgO, dichroic, green and yellow; fluorescent, and used as a screen 
for making X-rays visible. Sc 2 [Pt(CN) 4 ] 3 , 21 (red) and 18 (yellow) 

The lanthanum^^®® and yttrium^^^^ salts are similar. 

The colours, the dimorphism, and the fluorescence of the salts are 
remarkable. BeueP^*® examined the fluorescence under cathode rays of 
twelve different platinocyanides, hydrated and anhydrous, and of very 
different colours; the positions of nearly all the bands were the same with 
all, but some had a single additional band of their own. 

The platinocyanides can be converted by treatment with chlorine into 
the platinic compounds M 2 [Pt(CN) 4 Cl 2 ], but these are much less stable; 
they are strong oxidizing agents, and readily revert to the platinocyanides. 

Nitrile Complexes 

These are fairly numerous, but much less stable than the isonitrile 
complexes. Platinous chloride combines with acetonitrile very slowly in 
the cold to form a yellow compound PtCl 2 (CH 3 CN) 2 .^^®® The mother 
liquor contains the acid H[PtCl 3 (CH 3 *CN)], which can be precipitated as 
its [Pt(NH 3 )J salt.^^®® This formation of a trichloro-salt of the type of 
Cleve’s salts M[PtCl 3 (NH 3 )] is very imusual, though it occurs with the car¬ 
bonyl and ethylene complexes. The benzonitrile compound PtCl2(0 • CN )2 
is formed^^®® by heating its components to 60-70® for many days. It is a 
yellow crystalline substance, which can be recrystallized from acetone. It 
appears to be dimorphic. Its solution is rather unstable ; concentrated 
sulphuric acid converts it with loss of hydrochloric acid into a sulphate, 
presumably of the formula PtS 04 (C 6 H 5 • CN) 2 . The bromide is similar, and 
is also yellow and dimorphic. The iodide was too unstable to be purified. 

These compounds must contain the group Pt-<—N^C—R. 

Isonitrile Complexes 

These are made much more easily than the nitrile compounds; they are 
practically all of two types, PtX 2 (RNC )2 and [Pt(RNC) 4 ]X 2 . The first of 
these is remarkable for occurring in two strikingly different modifications. 

Platinous chloride dissolves in an ethereal solution of phenyl isonitrile 
with the immediate precipitation of a purple compound PtCl 2 (<l>NC) 2 . This 
can also be made from the isonitrile with aqueous potassium chloroplati- 
nite. This is a blue-violet apparently amorphous powder, quite insoluble 
in all ordinary solvents, and so of unknown molecular weight and constitu¬ 
tion. If it is boiled for 4 to 6 hours with chloroform it goes slowly into 

K. A. Hofmann and G. Bugge, Ber. 1907, 40, 1772. 

L. Ramberg, ib. 2678. 

L. Tschugaev and P. Teearu, ib. 1914, 47, 668. 

L. Tschugaev and W. Lebedinski, 1916, 162, 43. 


Id., ib. 2643. 
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solution as it is converted into the jS-isomer, which crystallizes out on 
cooling in large colourless crystals, melting at 257-258°; from the boiling- 
point in chloroform it is found to be monomeric. It is insoluble in water, 
very slightly soluble in alcohol, rather more so in benzene and acetone; 
the best solvent is chloroform, soF 0*80/20°. 

The bromides are made similarly, and behave in just the same way: 
a-, brownish-violet, apparently amorphous, insoluble; colourless, m. pt. 
245°. The iodide Ptl 2 (® •NC )2 has only been made in one (jS-) form, which 
is yellow. The nitro-salt M2Pt(N02)4 gives a nitro-compound 

Pt(N02)2(O.NC)2, 

also only known in the soluble ^-form, which is red, but will crystallize 
with one molecule of acetone, and is then yellow. 

The tetra-isonitrile derivatives [Pt(RNC) 4 ]X 2 can be made^^®^ by the 
action of excess of isonitrile RNC (R= phenyl, CHg, (CH 3 ) 3 C) on the 
chloroplatinite, when a red salt [Pt(RNC) 4 ] • [PtCl 4 ] is produced, along 
with the di-isonitrile compound PtCl 2 (RNC) 2 , which can also be made by 
heating the red salt. The tertiary butyl compoimd [Pt(C 4 H»NC) 4 ] • [PtCl 4 ] 
has a very peculiar reaction^^®^; if it is treated with excess of the isonitrile, 
a yellow crystalline compound is slowly precipitated, which is 

[Pt(C4H2NC)2(CN)2]°: 

the tertiary butyl group is apparently split off. The reaction is very 
peculiar and is due to the ease with which tertiary compounds McjC • X— 
even isocyanides—can be hydrolysed. The reaction must go thus: 

[Pt(Me3C.NC)4]a2 + 2 H 2 O = [Pt(Me3C.NC)2(CN)J° -f 2 Me^C OK + 2 HCl. 

The formula is certain; the substance can be made from tertiary butyl 
isonitrile and platinous cyanide; it is a non-conductor of electricity. 

The remarkable series of 6-covalent platinous compounds formed with 
an isocyanide and hydrazine, of the tj^ 


/NH2-NHV 

(RNC)4Ptr )Pt(CNR)4 

\NH— 


X2 


have already been described (p. 1684). 

It is clear that the complexes of the isonitriles are far more stable than 
those of the nitriles, and resemble the stable cyanides M 2 [Pt{CN) 4 ] very 
closely. On general grounds we should have expected the Pt—N link to 
be stronger than the Pt— C; but the former must occur in the nitrile 
complexes, and the latter certainly in the isonitrile complexes, and almost 
certainly (see V. 671) in the complex cyanides. Evidently the Pt—C link 
is much strengthened by the triple linking of the carbon in these com¬ 
pounds, exactly as it is by the double linking in the C==C compounds we 
have just been considering. 
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Complex Thiocyanates 

These occur in two t 3 ?pes, as the salts M 2 [Pt(CNS) 4 ] and the neutral 
diammines such as [Pt(NH 3 ) 2 (CNS) 2 ]''. The salts can be made from a 
thiocyanate and platinous chloride; the free acid is unstable; the salt 
K 2 [Pt(CNS) 4 ] forms carmine-red crystals (like the ferric salt), whose colour 
is visible in solution at a dilution of 1/10,000. The ammonium salt is 
similar. 

The diammine [Pt(NH 3 ) 2 (CNS) 2 ]° has been obtained^^®^ in two isomeric 
forms. The first was got by the action of the calculated quantity of 
ammonia on the salt K 2 [Pt(CNS) 4 ]: it formed small yellow crystals; we 
may assume that as in other similar reactions it is the cis form that is here 
produced. The second form was got from the irans form of [Pt(NH 3 ) 2 Cl 2 ] 
(the chloride of Reiset’s second base) with potassium thiocyanate. It 
forms large yellow crystals, less soluble than the a- but more stable to heat. 
The molecular conductivity of these two forms in water is negligible; the 
molecular weights by the boiling-points in acetone are cis 322; trans 314 
(theory 345). 

Ammines 

Many of these have long been known, and were discovered at a time 
when their structure was not understood, and so have come to be called 
by the names of their discoverers; among the more important examples 
are the following: 


Cleve’s salts 
Magnus's green salt 
Peyrone's chloride 
Reiset's first chloride . 
Reiset's second chloride 
Zeise's salt . 


[Pt(NH3)3R]X. 
[Pt(NH3)4].[PtCl4]. 
[Pt(NH8)2Cl2]° cis. 
[Pt(NH3)4]a2. 
[Pt(NH3)2a2]® trans. 
K[PtCl3(C2H4)], H 2 O, 


The first of the ammines to be discovered was Magnus's green salt (above) 
by Magnus in 1828. 

We may divide the ammines according to the number of amine groups 
they contain, and begin with the tetrammines [PtAm 4 ]X 2 . 


Tetrammines 

The simple tetrammine [Pt(NH 3 ) 4 ]X 2 , made from ammonia and 
platinous chloride, was the first ammine to be prepared (Magnus, 1828); 
a large number of its salts are known. The ammonia can be replaced 

* For the rate of interchange of heavy hydrogen between [Pt(NH 8 ) 4 ]Clj and water 
see Anderson st al. reference (p. 1626). 

A. A. Griinberg, Z. anorg. Chem. 1926, 157, 299. 
i4«5 L Tschugaev and W. Sokolov, Ber. 1909, 42, 65. 

L. Tschugaev and M. Grigoriev, ib. 1914, 47, 2446. 

L. Tschugaev, J. Buss. Phys. Chem. Soc. 1920, 51, 193. 

1408 Tschugaev and N. K. Pschenicyn, ib. 1920, 52, 47. 
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by many other amines, such as methyl*^^’® and ethylamine^^’®»^^^^ (these 
primary amines seem to be almost as firmly linked to the platinum as 
ammonia, which is not usual), by pyridine and quinoline,as well as by 
a whole series of diamines such as ethylene diamine,Propy¬ 
lene diamine,methyl-propylene diamine,^^®® isobutylene diamine,^*^® 
and dipyridyl.^*^* The less stable derivatives of hydrazine and hydroxyl- 
amine are discussed later. 

The ordinary chelate diammines show their usual stability, but only 
when the NHj groups are not too far apart. Drew and Tress^^^^ have pre¬ 
pared both the diammine [Pt(en)Cl 2 ]^ and the tetrammine [Pt(ew) 2 ]Cl 2 
compounds from the diamines NH 2 (CH 2 )^NH 2 , where ti == 2, 3, 4, and 5. 
With ethylene and propylene diamines (n — 2 and 3, giving 5 and 6-ring8 
respectively) they get compounds of the usual type, like ordinary ammines: 
but with 71 = 4 or 5 the reaction is quite different, giving ill-defined 
insoluble products. It is clear that with these longer chains the chance 
of the ring closing is small, and the two NHg groups usually become 
attached to different platinum atoms. 

Reihlen and Huhn^^^®*^^’^"® claim to have resolved salts of the [Pt(€7^)2]'' 
type, with unsymmetrical en groups, showing that the platinum is tetra¬ 
hedral ; but they have not made out their claim. Mann^^®® failed to resolve 
a compound of this type, made from NHg • CHg • CH(CH 3 ) • CHg * NHg. The 
definite proof of the planar structure of 4-covalent divalent platinum from 
the chemical side was given by Mills and Quibell.^^’® They pointed out that 
it is difficult to prove that isomerism which is supposed to be ‘geo¬ 
metrical ’ (i.e. cis-trans) is really due to this cause [and not, for example, to 
dimorphism or polymerization], while there is no such difficulty about 
mirror-image isomerism. They therefore devised and synthesized an 
ingenious structure in which a planar arrangement of the valencies of the 
platinum (the arrangement which in ordinary molecules would lead to ci 5 - 
trans isomerism) would cause optical activity, while a tetrahedral would 
not. They condensed the 1,1-dimethylethylene diamino-platinous chloride 
of Drew and Head^^*^® with 1,2-diphenylethylene diamine, and so got a 
salt of which the divalent cation is 



F. O. Mann, J.CJS, 1928, 1261. 

1^70 H. Reihlen and W. Hiihn, Ann, 1931, 489, 42. 
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H. Reihlen tod E. Flohr, Ber, 1934, 67, 2010. 
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It is easy to see that if the links of the platinum are planar, so that the 
two chelate rings lie in the same plane, the structure will be asymmetric 
and should be capable of resolution, while if they are arranged tetrahedrally, 
the structme will be symmetrical. 

The salt was resolved by means of diacetyltartaric acid, and from the 
extreme fraction an iodide of [M]—68® in alcohol and a chloride of 
[M]—48*5® in water were obtained. Every conceivable objection to the 
conclusion of the planar structure of the platinum was ruled out. The 
product was shown to behave as a tri-ionic salt, giving the same mole¬ 
cular depression of freezing-point in water as barium chloride. The chloride 
and iodide crystallize with water of crystallization, but this water cannot 
be essential to the asymmetry, since the chloride can be dehydrated with¬ 
out losing its activity. To show that the activity is not due to the presence 
(or the production) of the active form of the stilbene-diamine, this diamine 
was recovered from the active salt and shown to be inactive. 

This work proves beyond doubt the planar arrangement of the four 
CO valencies of the platinum atom in these compounds. It does not neces¬ 
sarily imply that the covalencies of a platinous atom are always so 
arranged. It is still uncertain whether the same atom with the same 
valency and the same covalency can have more than one stereochemical 
configuration. But until we have direct evidence of the occurrence of a 
tetrahedral arrangement for the platinous atom we must assume that it is 
always planar. See above, under palladium, p. 1563. 

The tetrammines derived from hydrazine are diflScult to make, since the 
hydrazine usually reduces the divalent platinum to the metal. But by 
avoiding water as far as possible, and acting directly on the diammine 
[Pt(NH 3 ) 2 Cl 2 ]® with hydrazine hydrate, Tschugaev^^®® was able to prepare 
both the mixed derivative [Pt{NH 3 ) 2 (N 2 H 4 ) 2 ]X 2 (in the cis and trans 
forms), and also the pure compound [Pt(N 2 H 4 ) 4 ]X 2 . These compounds are 
definitely less stable than the ammonia derivatives,^*®'^ since an aqueous 
solution of [Pt(NH 3 ) 2 (N 2 H 4 ) 2 ]Cl 2 decomposes in 15 minutes in the cold. The 
terminal NHg of the hydrazine group can still act as a base (the other NHg 
has already become pentavalent in the co-ordination), and this salt can 
take up two molecules of hydrogen chloride to form the acid salt 

[Pt(NH3)2(NH2.NH3)2]Cl4. 

A curious N-chelate platinous derivative is the phthalocyanine com¬ 
pound C 32 HieN 8 Pt. The crystal structure of this has been fully analysed^*®®; 
in spite of the excessive size of the platinum atom as compared witli the 
rest, the positions of all the atoms except the hydrogen have been 
determined to 0*05 A; the structure is just like that of the other phthalo- 
cyanines. 

TriammineSy [PtAnigRJX 

Compounds of this type are known as Cleve's salts. They can be made 
by addition of ammonia to the diammine or by its removal from the 

J. M. Bobertson and I. Woodward, ib. 1940, 36. 
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tetrammine, but in either case the yields are small as it is difficult to stop 
the reaction at the right place. Tschugaev does this by two indirect 
methods. The first^^®^ is to treat the diammine Pt(NH 3 ) 2 Cl 2 with potas¬ 
sium cyanate and boil. From the resulting liquid potassium platino- 
chloride precipitates a mixture of the platinochlorides of the triammine 
and the tetrammine, and the former can be separated owing to its greater 
solubility. The reaction seems to consist in the formation of the iso- 
cyanato-compound and its subsequent hydrolysis; 

Pt—Cl —^ Pt—N=C=0 —> Pt—NH—CO—OH 

—> Pt^NH2—CO OH —> PU-NHa + COj. 

A second method is to oxidize^^®^ the diammino-dihydroxylamino-salt 
[Pt(NH3)2(NH20H)2]X2 with air. The hydroxylamine is oxidized away, 
and the residue rearranges itself to form [Pt(NH 3 ) 3 (OH 2 )]*[PtCl 4 ]. A 
third less indirect method^^®® is from the monohydroxylamino-triammine 
by treatment with hydrochloric acid, when the less firmly attached 
NHgOH group is replaced by chlorine: 

[Pt(NH3)3(NH20H)]X2 —> [Pt(NH3)3Cl]Cl. 

DiammineSy [PtAm2R2]'' 

Werner in 1893^^®^ found that compounds of this type occurred in two 
modifications, and suggested that the group was planar, and the isomerism 
cia-trans, Reihlen^^®® found that one of the chlorides [Pt(NH 3 ) 2 Cl 2 ] was 
dimeric in liquid ammonia, and claimed that this dimerization was the 
cause of the isomerism. 

Hantzsch, however, showed^^®® that the isomeric pyridine compounds 
[Pt(py) 2 Cl 2 ]° are both monomeric in phenol. Griinberg^^®® found the same 
for the two thiocyanates [Pt(NH 3 ) 2 (CNS) 2 ] in acetone, and he further 
showed^^®^ that if Werner’s cia form of [Pt(NH 3 ) 2 Cl 2 ] (Peyrone’s salt) is 
treated with silver nitrate and then with oxalic acid, it gives the slightly 
soluble non-electrolyte 



L. A. Tschugaev, J.G,S, 1916, 107, 1247. 

L. A. Tschugaev and I. Tschemiaev, 1916, 161, 792. 
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1484 Werner, Z, anorg, Chem. 1893, 3, 310. 
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L. Kamberg, Z. anorg, Chem, 1913, 83, 33. 

L. A. Tschugaev and S. Krassikoff, ib. 1923, 131, 299. 

H. Reihlen and K. N. Nestle, Ann, 1J?26, 447, 211. 

1®®® A. Hantzsch, Ber. 1926, 59, 2761. 

A. A. Griinberg, Ann, Inst. Platine, 1928, 6, 122. 
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while the isomeric trans (Reisert’s) compound under the same conditions 
gives the complex acid 


HOCOCOOn 


./• 


NH, 


H 


OCOCO. 


OH 


with a dissociation constant of 6-3 x 10“^. See farther, reference The 
evidence for the planar structure of the 4-covalent platinous atom in 
Dickinson’s platinocyanides M 2 [Pt(CN) 4 ] and in Mills and Quibell’s tetram- 
mines, gave conclusive support to Werner’s view. 

Compounds of the type [PtAmgRg]^ can be prepared with a variety of 
amines and a variety of acidic groups. The acid radical R may be chlorine, 
bromine,iodine*^,or the 

amines may be ammonia, an arylamine,^^®® pyridine,or a substituted 
(chloro- or amino-) pyridine,or quinoline. 

Tschugaev^^®’ finds that the reaction 


[PtlNHalJX^ -> [Pt(NH3)2X2]° + 2NH3 

takes place readily on heating. When X is a halogen, this goes more 
easily in the order Cl < Br < I; it also occurs with NOg. A similar change 
that has long been known is that of Magnus’s green salt on heating, 
[Pt(NH 3 ) 4 ] [Pta 4 ] going to 2[Pt(NH3)2Cl2]^^^® The platinochlorides of 
the ammines of other metals, for example [AgNHgJX, undergo this change 
much more easily.^®®® 

The supposed third form of [Pt(NH 3 ) 2 Cl 2 ]^^®^ has been shown to be a 
mixture or solid solution of the other two.^^®^"® 

The CIS and trans forms differ in the basicity of the hydroxides 


[Pt(NH3)2(OH)2]; 

potentiometric titration with glass electrodes^^®®'^^®® shows that the clas 
sical dissociation constants are 



Kr 

K. 

Cia 

016X10-’ 

ca. zero 

Trans . 

0-63 X 10-’ 

0126X 10-“ 


the cis compound being a weaker base than the trans. 

Compounds of the type [Pt(NH 3 ) 2 X 2 ]® react with water, the halides and 
nitrites slowly and imperfectly, the nitrates and sulphates completely, to 

H. D. K. Drew, F. W. Pinkard, W. Wardlaw, and E. G. Cox, J.C.S. 1932, 988. 
1498 Qqx, H. Saenger, and W. Wardlaw, ib. 2216. 

i 4#4 jp, Rosenblatt and A. Schleede, Naturwiaa. 1933, 21, 178. 

Id., Ber. 1933, 66 , 472. 

A. A. Griinberg and D. Rjabtsohikov, Acta Phya.-Chem. U.E.S.S. 1936, 3, 666 , 
H. J, S. King, J.C.S. 1938, 1338. 

1 *®* D. I. Rjabtsohikov, Ann. Sect. Platme, 1938, 15, 36. 

A. M. Rubinstein, C.R. Acad. Soi. U.E.S.8. 1938, 20, 676. 

L. A. Tschugaev and N. K. PBchenio 3 m, J. Rtiaa. Phya.-Chem. Sac. 1920,52,47. 
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give colourless very soluble aquo-complexes [Pt(NH3)2(H20)2]X2.^^®^ These 
last are dibasic acids, as one or both of the H2O groups can go to OH+H 
(as in [Pt(NH3)2{H20)0H]Cl+HCl or [Pt(NK^UOIl)2]+2 HCl). The dis¬ 
sociation constants of cie and trans [Pt(NH3)2{H20)2]^‘^ have been 
found^^®^“^ to be 



K, 

Kt 

Cis 

Trans . 

• 

2-76 X 10-* 
4-79 X 10-‘ 

4-79X10-* 

4-17xl0-» 


Platinous Monammine^ Pt(NH3)Cl2 

This was obtained by Klason^®®^ by evaporating an aqueous solution of 
ammonium platinochloride. Though its molecular weight has not been 
determined, there can be little doubt that this, like other apparently tri- 
covalent platinous compounds, is really dimeric, with a structure such as 

Cl/ \Cl/ /nHs 
Hydroxylamine Derivatives 

In the platinous ammines hydroxylamine can take the place of ammonia. 
Thus^^®^ if chloroplatinic acid HgPtCle is treated with hydroxylamine 
hydrate, the platinum is reduced to the divalent state, and the tetra-salts 
[Pt(NH20H)4]X2 are formed; they are colourless and fairly soluble. All 
the intermediate compounds [Pt(NH20H) JNH3)4_^]X2 can be made; the 
chlorides are all colourless.^®®^ The base of the tetra-derivative 

[Pt(NH20H)4l(0H)2 

is remarkable. While the corresponding ammonia complex [Pt(NH3)4](OH)2 
is a strong base and very soluble in water, the hydroxylamine base^^®® is 
only weakly basic, and almost insoluble in water, behaving like magnesia. 
Werner suggests that it is the 6-covalent compound [Pt(NH20H)4(0H)2]°. 

Hydroxylamine is more easily removed from the platinum than 
ammonia, and the salt [Pt(NH3)3(NH20H)]Cl2 is converted by hydro¬ 
chloric acid into the triammine [Pt(NH3)3Cl]Cl (Cleve’s salt). 


Amino-acid Derivatives 

These are chelate compounds, with the platinum linked to nitrogen and 
oxygen. The platinochloride gives with an equivalent of glycine the salt 

^NH2N 


K 


ClaPt: 


\o-co/ 


;CH, 


K. A. Jensen, Z, anorg, Ghent, 1939, 242, 87. 

A. A. Griinberg and B. I. Rjabschikov, C,Tt, Acad, Sci. U,R,S.S. 1936, 4, 269. 
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R. Uhlenhuth, Ann. 1900, 311, 120. 

L. A. Tschugaev and 1.1. Tschemiaev, C'.R. 1916, 161, 637. 

Id., J.C.S. 1918, 113, 884. 
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while'with excess of glycine the dichelate non-salt 


CH,: 


NH 




is produced.^®®^ This last compound has been shown^®®® to occur in two 
forms, cis and trans. Other amino-acids such as alanine^®®® can take the 
place of glycine. 

Glyoxime Compounds^^^^ 

R—C-C—R 

Glyoximes || || (= DH) 

NOH NOH 


give a series of chelate derivatives of platinum, as of other transitional 
elements. The compounds of the type of PtDg (non-ionized, dichelate) are 
stable, and volatilize undecomposed in a vacuum. They can add on two 
atoms of bromine, the platinum becoming tetravalent. The methyl-ethyl 
compound (a violet sublimate) and the methyl-propyl, methyl-butyl, and 
diphenyl compounds were made. 


N itro-complexes 

Platinous complexes containing NOg groups are numerous and stable. 

Of the two possible structures Pt—®—N=0, it is obvious 

that the former must be the true one for these stable complexes since the 
afSnity of divalent platinum for nitrogen is strong, and for oxygen weak. 

Of the nitroplatinites M2Pt(N02)4 (Lang, 1861; Nilson, 1876)^®^^"^2 the 
potassium salt, K2Pt(N02)4 2 and 0 HgO, can be made by treating 
potassium chloroplatinate KgPtClg with potassium nitrite, which reduces 
the platinum to the divalent state. SoF 3*7/15®. The silver salt is yellow: 
the free acid decomposes on evaporation of its solution. 

The nitro-groups are very firmly attached to the platinum. The 
aqueous solution gives no precipitate with alkaline hydroxide or even 
sulphide. The nitro-group must be more firmly bound to the platinum 
than a chlorine atom, for if the compound K 2 [PtCl 3 N 02 ] is treated with 
ammonia it is converted successively into 

[PtlNHaljClNOa]® and [Pt(NH 3 ) 3 N 02 ]Cl, 
the nitro-group not being disturbed until all the three chlorines have been 
removed.^®^® It is, however, possible to turn out the NOg groups by 


150’ H. Ley and K. Ficken, Ber, 1912, 45, 377. 
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136. 
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oxalato-groups (with their chelate stability) and by amines. Potassium 
nitroplatinite K2Pt(N02)4 gives with oxalic acid the oxalato-salt 

K2[Pt(N02)20x].i«^ 

Concentrated ammonia replaces two of the NOg groups by NHg, to give 

[Pt(NH3)2(N02)2]^ 

the cis compound is first produced, and this can be converted into the 
traris, which reacts with more ammonia to replace a third NOg, giving the 
salt [Pt(NH3)3N02]N02.^®^^ The molecular conductivities at 26 ° and a 
dilution of V == 1,000 are:^^^^ 

[Pt{NH3)4](N02)2 [Pt(NH3)3N02]N02 [Pt(NH3)2(N02)2]"ct> 

2765 96*5 0-95 

[Pt(NHs) 2 (N 02 ) 2 r tram K2[Pt(N02)4] 

2*42 302*4 

The reaction of the primary aromatic amines with the platinonitrites 
is peculiar. One NO2 group is replaced by an amine, and the expelled 
NO2 converts more of the amine into a diazoamino-compound^^^®; thus 
K2[Pt(N02)4] with toluidine gives a mixture of diazoamino-toluene and 
colourless crystals of the salt (C7H7NH3)[Pt(C7H7NH2)(N02)3]. 

Phosphorus Complexes 

Divalent platinum forms addition compounds with trivalent phosphorus 
in the forms of the trialkyls, the trihalides, the trihydroxide (phosphorous 
acid), and the tri-alkyloxy-derivatives P(OAlk)3. 

Cahours and Gal ( 1870 ) showed that triethyl phosphine will combine 
with platinous chloride to form an unstable compound of the composition 
PtCl2(PEt3)2, which changes over into a stable isomer: this is presumably 
the unstable cis form going over to the stable trans 

Et 3 Pv /Cl 

qX \pEt3' 

This substance takes up two molecules of ammonia^®^'^ to give a product 
that is soluble in water, and no doubt is the substituted tetrammine salt 
[Pt(PEt3)2(NH3)2]Cl2. 

The phosphorus trihalides can co-ordinate with divalent platinum in the 
same way. If platinum sponge is heated with phosphorus pentachloride 
the latter is reduced and the platinum chlorinated, and the products com¬ 
bine to give a complex of the composition Cl3P*PtCl2. In*the same way, 
by using phosphorus pentafluoride, Moissan was able to make the corre¬ 
sponding fluorine compound F3P • PtFg, the nearest approach to a complex* 
fluoride of divalent platinum that is known.^®^® Either one or two mole- 

P, Klason and J. Wanselin, J. prakt, Chem.,1902, [2] 67, 41. 

A. Rosenheim and W. Ldwenstamm, Z. anotg. Chem. 1903, 37, 394. 

A. A. Griinberg and A. D. Troitskaja, BuU. Acad. Set. U.E.S,S. 1944, 178. 
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cules of phosphorus trichloride can also be added directly, to form either 
the above-mentioned CI3P • PtClg or (CI;,P)2PtCl2. These compounds, which 
are crystalline substances soluble in organic solvents, react with hydroxylic 
compounds like phosphorus trichloride itself, the chlorine being replaced 
without removing the phosphorus from the platinum. Thus ClgP-PtClg 
dissolves in water, and on evaporation (HO)3P PtCl2 separates out; the 
other compound (ClaPjaPtClg behaves with water in the same way, giving 
(P(OH)3)2PtCl2. Similarly with alcohol the chlorine on the phosphorus is 
replaced by ethyoxyl, and the compounds are converted into the esters 
P(OEt) 3 PtCl 2 and (P(OEt)3)2PtCl2.^^i« 

The boihng-points of these substances in benzene showed that while the 
second (di-phosphorus) compound is monomeric, the first is dimeric, hav¬ 
ing no doubt the structure 

(Et^OaPx /Qv /Cl 

CK \p( 0 —Et )3 

This compound takes up a molecule of aniline or pyridine,^^*® giving a 
complex of the type 

(Et- 0 ) 3 PN^ /Cl 

Cl/%y 

which occurs in cis and trans modifications. It will also take up two mole- 
crJes of ammonia to give Pt(P(OEt)3)(NH3)2Cl2. Only half the chlorine in 
this reacts with silver nitrate,^^^^ and the compound has the conductivity 
of a binary electrolyte, so that it must be [(EtO)3P*Pt(NH3)2Cl]Cl. 
Phosphorus tribromide forms similar compounds. 

Arsine Complexes^^^ 

Mixed aryl-alkyl arsines will react in the same way as phosphines with 
chloroplatinic acid, reducing the platinum to the divalent state, and 
forming compounds which are non-ionized and of the diammine type 
(R3As)2PtCl2. Examples (with their melting-points) are 

( 02 MeAs) 2 PtCl 2 ( 214 °); (a)2MeAs)2PtBr2 ( 167 °); (<I)Me2A8)2PtCl2 ( 193 °). 

P-Diketone Derivatives 

The platinous derivatives of acetylacetone (= HA) are, like the oxalato- 
salts, chelate compounds with the platinum attached to two oxygen atoms 
in each ring; some of them have already been described among the 6 - 
covalent compounds. The group was examined by Werner,who showed 

1 **® A; Rosenheim and W. Levy, Z. anorg, Chem. 1905, 43, 34. 
iwi C. H. Herty and R. O. E. Davis, J,A.C.S. 1908, 30, 1084. 

1 *** G. J. Burrows and R. H. Parker, J, Proc, Roy, Soc, N.S, Walesy 1934, 68, 39- 
i6t8 A. Werner, Ber. 1901, 34, 2684. 
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that acetylacetone has no action on potassium chloroplatinite K2PtCl4 
alone, but that in presence of alkali it reacts with it to form four diBFerent 
products; ( 1 ) K[PtCl2A], monochelate, 4 -covalent; ( 2 ) K[PtCIA2], dichelate 
and apparently 5 -covalent ; ( 3 ) a compound which was isolated as the 
sodium salt Na2[PtCl2A2], dichelate and 6-covalent; and finally ( 4 ) the 
simple PtAg, dichelate and 4 -covalent. 

The potassium salt (1) is orange-yellow, fairly soluble in water, and 
insoluble in organic solvents. The potassium salt (2) is pale yellow, and 
easily soluble in water. From its solution hydrochloric acid precipitates 
the free acid H[PtClA2], a yellow amorphous mass, soluble in alkalies but 
not in water, soluble also in benzene and chloroform, but not in ether. The 
sodium salt of this acid is remarkable for dissolving in chloroform, from 
which it crystallizes as Na[PtClA2], CHCI3, 2 HgO. The rubidium salt 
is anhydrous, and easily soluble in water. The sodium salt of type (3), 
Na2[PtCl2A2] 5 aq. is yellow, and can be recrystaUized from water. The 
non-ionized compound ( 4 ), PtAg, forms yellow crystals which are soluble 
in benzene, and in this solvent it is shown by the boiling-points to be 
monomeric. 

Oxalato-compounds 

In spite of the relatively small affinity of the platinous atom for an 
oxygen, the chelate oxalato-complexes are quite stable. 

As we have seen,^®*^ potassium nitroplatinite K2Pt(N02)4 reacts with 
oxalic acid; it turns yellow and evolves nitrous fumes, with the production 
of the yellow salt K2[Pt(N02)20x], HgO. This salt loses its water at 100°, 
and at 240 ° decomposes violently to give platinum, carbon dioxide, and 
potassium nitrite. Other salts are known: Na, HgO, dark yellow, soF 
25 /cold, 100 / 100 °^® 29 . 5 HgO, yellow, and a.mixed salt 

BaK2[Pt(N02)20x]2/''28 

which is yellow-brown. 

Excess of oxalic acid converts these salts into the dioxalates 

MgLPtOxg], 

These are stable salts, and their solutions can be evaporated down without 
decomposition.These di-oxalates can also be made easily and rever¬ 
sibly from the platinochlorides by treatment with potassium oxalate^®*®: 

K,Ox 

[Pta4]'~ [Ptoxg]^'. 

HCl 

In the same way the dioxalate can be converted by excess of potassium 
nitrite into the nitro-platinites. Various dioxalato-salts are known: 
K, 2 HgO, copper red, fairly soluble in hot water; Na, 4 HgO, dimorphic, 
yellow and red; Ca, 8 HgO, yellow, 5 HgO red. These salts are oxidized 
ww M. V^zes, CM. 1897, 125, 525. 

Id., Btdl. 80 c. 1898, [3] 19, 875, ^ Id., ib. 1899, [3] 21, 143. 

A. Werner and E. Grebe, Z. anorg. Chem. 1899, 21, 377. 

«•» M. V^ze&,>Bua. Soc. 1901, [3] 25, 157. «*• Id., ib. 1903, [3] 29, 83. 
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by chlorine, but without the oxalato-groups being affected: they are 
converted into the tetravalent platinum salts M2[PtOx2Cl2].^*^^^ 


Cacodyl Oxide Complexes 

These peculiar complexes seem to be the only ones in which divalent 
platinum is co-ordinated with non-chelate oxygen atoms. They were pre¬ 
pared by Jensen.Cacodyl oxide (CHglgAs— 0 —As(CH3)2 (— Kd20) 
acts on potassium chloroplatinite to give large colourless crystals of the 
composition PtCl2, KdgO, H2O, which lose their water at 150 ° and are 
converted into the yellow substance PtCl2,Kd20. The corresponding 
bromides and iodides were made; they are all yellow in the hydrated form, 
but the anhydrous iodide is dark red. As the iodides are the most soluble 
of the halides in organic solvents, they were further examined. The 
hydrate Ptig, Kd20, H2O was shown by the freezing-points to be 
monomeric in bromoform, and it has a dipole moment in benzene solution 
of 8*5 D. The red anhydrous compound Ptl2, KdgO is dimeric by the 
freezing-points in bromoform, and its dipole moment in benzene is 
1 ‘ 8 ± 0*5 D (it is relatively insoluble). These results make it clear that 
while the hydrate is probably the cis compound 


Kd^Ox^ 


Pt 



(but possibly the trans), the anhydrous compound, like so many of these 
apparently 3 -covalent complexes, really has the symmetrical structure 


^OKd. 


Platinous Sulphur Complexes 

Divalent platinum forms complexes with sulphur, especially with the 
sulphur atom of a thioether, almost as readily as with the nitrogen atom 
of an amine.^^®^'^®^^ The compounds are mostly of two kinds, [PtX2(SR2)2]° 
and [Pt(SR2)4]X2. In place of the simple sulphides disulphides (dithio- 
glycol ethers) can be used, giving cyclic complexes. 

Dialkyl sulphides like dimethyl sulphide react with platinous chloride 
to give three different compounds of the same composition PtCl2,(R2S)2. 
The first two (a and j8) are fairly similar in properties, and though there 
has been some doubt about their structures, it has now been proved that 
they are the cis and trans forms of the monomeric [PtCl2(R2S)2]°. li'he third 

1^30 K. A. Jensen and E. Frederiksen, Z. cmorg, Chem, 1936, 230, 34. 

K. A. Hofmann and F. Hdchtlen, Ber, 1903, 36, 3090, 

L. A* Tscfiugaev and W. Subbotin, ib. 1910, 43, 1200. 

1 ®®® L. A. Tschiigaev and D. Fraenkel, CM. 1912, 164, 33. 

L. A. Tschugaev and W. G. Chlopin, Z. anorg. Ohem, 1913, 82, 401. 
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(y) form is entirely different, and has been shown^^®* to have the structure 
[Pt(Me 2 S) 4 ] [PtCl 4 ], since on treatment with the tetrammine salt 

[Pt(NH3)4]X2 

it gives a precipitate of Magnus’s salt [Pt(NH 3 ) 4 ] • [PtCl 4 ]. Similarly with 
diethyl or dipropyl dithioglycol R S CHg CHg S R (= Sgn) two isomers 
are formed instead of three, one of them being the cis form of [PtCl 2 (S 2 w)]°, 
the trans form of which is obviously impossible, and the other (y) the salt 
[Pt(S 2 n) 2 ]-[PtCl 4 ], as was proved in the same way as before. Further 
investigation showed^®^^ that the corresponding bromides can also be 
made, and that the stability of the dimeric (y) form becomes less when 
(I) a monosulphide replaces a disulphide (i.e. the cation is more stable 
when it is chelate) and (II) when bromide replaces chlorine (i.e. when the 
anion is PtBr 4 instead of PtCl 4 ); iodides are not formed at all. The sul- 
phine compounds (as they may be called) can also be made from the 
nitroplatinites K 2 Pt(N 02 ) 4 , but in this case the y-form is only produced 
by a disulphide; monosulphides replace 2 NOg groups but not 4, giving 
only [Pt(N 02 ) 2 (SR 2 ) 2 ]^ 

The relations of the a- and ^-forms of disulphine compounds such as 
PtCl 2 (R 2 S )2 are unusual and have led to much discussion. The balance of 
the evidence clearly shows that the ^-form is the cis and the a- the trans 
form of [PtCl 2 (R 2 S) 2 ]°. They are monomeric in solution, and readily inter- 
convertible^^^®"®; the X-ray investigation of the oc showed it to be the 
trans,^^^'^ The dipole moments of the a-forms (for R = ethyl, propyl, and 
butyl, and for [PtCl 2 (Et 2 Se) 2 ]°) are from 2*35 to 2*41 D, while those of the 
^-forms of the same compounds are from 9 0 to 9-5 Further sup¬ 

port is given by their reactions with ethylene diamine,^®®’ when the j8-form 
readily gives the salt [Pt(en)Me 2 S) 2 ] • [PtCl 4 ], while the a reacts more 
slowly, and forms [Pt(en) 2 ] * [PtCl 4 ], with elimination of dimethyl sulphide. 

The peculiar point is the difference between the behaviour of the two 
chlorides with water. The a-solution is almost non-conducting, while 
that of the j3- indicates some 67 per cent, ionization at F = 1,000. They 
also differ chemically. With silver oxide the a-form reacts very slowly, 
sphtting off the thioether and precipitating platinous oxide PtO, while the 
jS- reacts readily, giving a base, apparently Pt(R 2 S) 2 (OH) 2 , which re-forms 
the j8-chloride with hydrochloric acid. These differences are remarkable, 
but the behaviour of the corresponding sulphates in water, and of the 
chlorides themselves in methyl alcohol, show similar but much smaller 
differences in the rate of hydrolysis of the two forms^®®’»i®®® with a fair 
agreement in the ultimate equilibrium value of the conductivity. This 
suggests that the differences are in general less violent than had been 
thought, and are compatible with their being ci34rans isomers, as all the 

F. G. Angell, H. D. K. Drew, and W. Wardlaw, J.C,S. 1930, 349. 

iw® H. D. K. Drew, G. H. Preston, W. WardlaW, and G. H. Wyatt, ib. 1933,1294. 

E. G. Cox, H. Saenger, and W. Wardlaw, ib. 1934, 182. 

K. A. Jensen, Z, cmorg, Chem. 1936, 225, 97. 


«»• Id., ib. 116. 
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other evidence indicates. Certainly all attempts^^^^ to provide a reasonably 
probable alternative structure (polymerized or not) for the jS-compounds 
have failed. 

There is also^®^® a series of thioether derivatives in which the platinum 
is attached only to one sulphur, as in [Pt(R 2 S)Cl 2 ], which correspond to the 
apparently 3-covalent monammines already discussed. If the j8*form of 
[Pt(R 2 S) 2 Cl 2 ] is treated with chloroplatinite we get the reaction 

Pt(R2S)2Cl2 + K2PtCl4 = 2 PtCl2(R2S) + 2 KCl. 

The methyl and ethyl compounds of this type are quite insoluble in water. 
The boiling-point of the chloroform solution of the propyl derivative 
showed it to be dimeric. The ethyl compound reacts^^^® with ethyl mer¬ 
captan replacing one chlorine atom in the molecule and giving 

PtCl(S-Et)(SEt2). 


Jensen found that this compound also is dimeric (by the freezing-point in 
benzene) and that its dipole moment in benzene is 2*27.The Pt(R 2 S)Cl 2 
compounds can be shown not to have the formula [Pt(R 2 S) 2 ] • [PtCl^] (even 
if this were on other grounds possible) since they do not form Magnuses 
salt with the tetrammine [Pt(NH 3 ) 4 ]Cl 2 . They are obviously non-ionized 
compounds, with the same kind of polymerized structure as we have seen 
before. They can be cis or trana. Their chemical behaviour is ambiguous, 
and it is quite possible that they are tautomeric, like the corresponding 
or at least similar palladium compounds (p. 1568). 

The possible formulae are 


R,s/^ \ci 


^^2® 


CP 


(I) 


(Ila) 


"Cl 


Cl^ "^Cl^ '^SRa 

(IK) 


Platinous Selenium Compounds 

These resemble the sulphur compounds very closely, and obviously have 
the same structural relations. Fritzmann^“^‘“* has prepared a series of 
compounds of the type PtCl 2 (R 2 Se) 2 , in which R = Me, Et, Pr, isoamyl, 
phenyl, and 2 R = Et • Se • CHj • CH^ • CHj • Se • Et. They occur in the same 
three forms (a, )3, y) as the sulphur complexes. In the cold the a-form is 
usually produced, but it goes over on warming to 70° or so to the j8-. As 
examples we may take the methyl compound PtCl 2 (Me 2 Se) 2 ; the a-form, 
which is orange-red, has the soP 10-5/26° in chloroform, and 1*3/26° in 

«** P. Klason, Ber. 1896, 28, 1499. 

1641 E. Fritzmaim, Z. anorg, Chem. 1911, 73, 239. 

164* jj. Fritzmaim and V. V. Krinitzki, J. AppL Ohem, Buss, 1938, 11, 1610. 
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toluene. The jS-form is almost insoluble. At low temperatures the y-form 
[Pt{Me2Se)4] • [PtCl4] is produced. Of the other compounds examined the 
di-ethyl selenide gave the a- and )8-forms: dipropyl, only a; amyl <x and ; 
phenyl oc and jS. The diselenide Et-Se-CHg-CHg CHa -Se Et gave the a 
and y forms, which for a diselenide are of course the only modifications that 
are possible. 

The a- and j 3 -forms of the compound PtCl2(Et2Se)2 agree with their 
sulphur analogues in being monomeric, and in the magnitude of their 
dipole moments. 

Platiuous Tellurium Complexes 

These again are similar, but less stable. The compound PtCl2(TeBz2)2 
can be made^^®^ by treating the chloroplatinite with a solution of 
dibenzyl telluride Te(CH2 • 0^115)2. It forms orange crystals, easily soluble 
in chloroform, less so in alcohol, and insoluble in ether. The solid is stable, 
but the solution soon decomposes to give platinum, tellurium, and 
dibenzyl. 

Owing no doubt to this instability, no isomers have been observed. 

Chelate Sulphur—Oxygen Complexes 

Compounds of this kind can be made, for example, from ethyl thio- 
glycoUic acid Et»S • CHg • CO • The potassium salt of this acid reacts 

with a chloroplatinite to give a dichelate compound Pt(OCO • CHg • S • Et)2 
(a-form), almost colourless, m. pt. 189 - 190 °, forming with water a sesqui- 
hydrate, soP 1 * 49 / 25 °. The cis-trans isomerism could be detected only by 
exposing the aqueous solution of this a-form to sunlight or the light of a 
Uviol lamp, when the colour darkens, and a canary-yellow isomer of 
m. pt. 204 - 205 ° separates, with a soP only 0 * 057 / 25 °. 

The freezing-points of the (necessarily very dilute) solutions showed that 
the a-form is some 50 per cent, associated in acetic acid and some 10 per 
oent. in water; the j8-(‘photo’) form was not found to be perceptibly 
associated. On heating with water, the j8-form reverts to the a. These 
compoimds are obviously dichelate, and it is to be presumed that they are 
the cis and irans modifications. 

For further work on these complexes see references 

Sulphito-complexes 

A series of double sulphites of the type Me[Pt(S08)4] (so that it would 
seem that the SOg groups occupy only one co-ordinate place apiece) have 
been made^^® from the chloroplatinate MgPtCle by treatment with sulphur 
dioxide or an acid sulphite; they are colourless. 

E. Fritzmann, J, Ruas. Phys. Chem. 80 c. 1916, 47, 688. 

Id., Z. anorg. Ghem, 1924, 133, 131. 

L. Bamberg, Ber. 1910, 43, 680. Id., ib. 1913, 46, 2363. 

I. Lifschitz and W. Froentjes, Z. cmorg. Chem. 1939, 241, 134. 

L. Bamberg, Ber. 1913, 46, 1696. 

P. BergsOe, Z, anorg. Chem. 1898, 19, 318. 



Trivalent Platinum 1605 

ThiosiUphato-complexes such as K 2 [Pt(S 203 ) 2 ], [Pt(NH 3 ) 2 S 203 (H 20 )]®, 
and [Pt(NH 3 ) 2 S 203 ]° have been described.^®^® 

Complex Platinous Halides 

Divalent platinum forms complex halides of the type M 2 Pt(hal )4 with 
chlorine, bromine, and probably iodine. The chlorides (platinochlorides or 
chloroplatinites), which are the best known, can be made by dissolving 
platinous chloride in a solution of an alkaline chloride, or by reducing the 
platinichloride M 2 PtCle solution with sulphur dioxide, an alkaline oxalate, 
or cuprous chloride. Platinous chloride dissolves in hydrochloric acid to 
give what is imdoubtedly a solution of the free acid H 2 PtCl 4 , and if this 
solution is allowed to evaporate an amorphous mass remains behind which 
appears to have the composition H 2 PtCl 4 , Numerous salts of 

this acid are known. The potassium salt is isomorphous with potassium 
platinocyanide and pallodocyanide K 2 [Pt(CN) 4 ], K 2 [Pd(CN) 4 ], and so pre¬ 
sumably the anion has a planar structure. 

Potassium bromoplatinite is similar to the chloro-salt. It forms brownish- 
red needles. 

The iodide M 2 [Ptl 4 ] is presumably formed when platinic chloride is 
treated with potassium iodide; the platinum is reduced quantitatively to 
the divalent state with the separation of elementary iodine, and the 
platinous iodide formed remains in solution, no doubt as the salt K 2 Ptl 4 . 

TRIVALENT PLATINUM 

A CONSIDERABLE number of compounds have been made which appear 
from their composition to contain trivalent platinum. Practically none 
of them are soluble without decomposition except as salts, and in no case 
has the molecular weight been measured. This leaves the question open 
whether the molecule is monomeric with a single trivalent platinum atom 
or dimeric with one platinum divalent and the other tetravalent. For 
example, the trichloride might be written as 

Cl\ yCK /Cl 
or as )Pti< >ti< . 

CK \C1 

This question is more conveniently discussed after we have dealt with 
the individual compounds. 

These can be divided as usual into the apparently simple and the 
complex. The former consist of a hydrated sesquioxide, three trihalides, 
and a tricyanide. The latter include both cations and anions, the chief 
types being [PtAm 4 X]X 2 , [PtAmaXg]'', and M 2 [PtX 6 ], X being a halogen 
or a CN group. 

i&so Rjabschikov, C.R. Acad, Sci, U.R,S,S. 1940, 28, 231, 236; 27, 349, 690; 
1943, 40, 229; 41, 208. 

L. F. Nilson, J. prakt. Chem, 1877, [2] 15, 260. 
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Platinum Sesquioxide^ PtgOg, aq. 

Wohler and measured the dissociation tension of the oxides of 

platinum; the work was difficult on account of the slowness with which 
equilibrium was attained, and the prevalence of solid solutions, but it was 
found that the dissociation tensions of the monoxide PtO and the sesqui- 
oxide PtgOg are both higher than that of the dioxide PtOg at the same 
temperatures (the range examined was about 400-500° C.), so that the 
dioxide on heating must go straight to the metal and oxygen. As the 
hydrated sesquioxide cannot be dehydrated without loss of oxygen, PtgOg 
itself has never been prepared, and there is no evidence that it can exist, 
except as a solid solution in excess of the dioxide. 

The hydrated sesquioxide seems to be formed by the action of alkali 
on the complex sulphate of trivalent platinum (see below), and perhaps^®^® 
by heating platinum with sodium peroxide and extracting the product 
with water. It can be made^^^® from the trichloride: if this is treated with 
potassium hydroxide a dark brown precipitate of PtgOg aq. is formed, 
which is very different from the pale yellow PtOg, aq., or the black PtO, aq. 
When dried, this precipitate has the composition PtgOg, x aq. The hydrated 
monoxide PtO, aq. is, as we have seen, to some extent oxidized by oxygen 
at 100°, but not up to the composition PtgOg. 

The hydrated sesquioxide, unlike the hydrated monoxide, is not 
oxidized by air. In behaviour it is intermediate between PtO, aq. and 
PtOg, aq.: it dissolves slowly in concentrated potassium hydroxide (in 
which the dioxide dissolves easily, and the monoxide not at all), but twice 
normal sulphuric acid or nitric acid have no action on it in the cold. 

Platinum Antimonidey PtSb 

This compound, which may be supposed to contain trivalent platinum, 
has been made by fusing the components together, and shown to have a 
nickel arsenide lattice.^^^ 

Platinum Trichloride^ PtClg 

Wohler and Streicher^®*® showed from the dissociation tensions of the 
chlorides of platinum that the trichloride is in equilibrium with one 
atmosphere of chlorine at 370° (it takes up chlorine at 364° but loses it at 
374°). From their^ isothermals the heat of formation of the various 
chlorides from the metal or the solid chloride and gaseous chlorine are 

S. M, Jdrgensen, J. prakt. Chem, 1886, 33, 489. 

W. L. Dudley, Am. Chem. J. 1902, 28, 69. 

M. Blondel, Ann. Chim. Phys. 1906, [8] 6, 81. 

IMS Wohler and W. IVey, Z. Elektrochem. 1909, 15, 129. 

1556 L Wohler and P. Martin, Ber. 1909, 42, 3968. 

Id., ib. 4100. «« M. DelOpine, C.R. 1910, 150, 104. 

L. A. Levy, J.C.S. 1912, 101, 1081. 

L. Wohler and S. Streicher, Ber. 1913, 46,^1691. 

iMi L. Wohler and F. Muller, Z. anorg. Cherri. 1926, 149, 377. 

L. Thomasaen, Z. phyaiM, Chem, 1929, B 4, 277. 
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worked out by the approximate methods of Nemst’s heat theorem as 
follows: 

Pt + i C4 = PtCl + 1611 k.cals 
PtCl -f i == I^Cl^ + 16*09 k.cals 
PtCljj + i Cljj = PtClg + 13*1 k.cals 
PtClg + i Clg = PtCl^ +11*78 k.cals 

The nearness of the first two figures makes it very doubtful whether the 
monochloride PtCl is a definite compound. 

The trichloride can be made^^®® from the dichloride or the tetrachloride 
by heating in chlorine to a suitable temperature. It is a very dark green 
almost black powder, very different in appearance from the red-brown 
tetrachloride or the yellow dichloride. It is intermediate in properties 
between the other two chlorides: while PtCl 4 is excessively soluble in 
water, and PtClg quite insoluble, not being even wetted by it, PtCls dis¬ 
solves slowly in cold and quickly in hot water to give a brown solution, 
which probably contains a mixture of the two oxychlorides HgPt^ClgO 
and H 2 Pt^^Cl 40 : the trivalent platinum cannot be recovered from it. It 
is practically insoluble in cold concentrated hydrochloric acid, but on 
warming goes into solution, forming a mixture of the chloroacids of diva¬ 
lent and tetravalent platinum, H 2 PtCl 4 and HgPtCle. 

Platinum Trihromide^ 

This is very like the chloride. If PtBr 4 is heated in bromine vapour at 
1 atm. it is stable up to 320°, but at 335° it loses bromine and gives a 
soHd solution of about the composition 2 PtBrg, PtBr 4 , the composition 
remaining constant at this temperature. At any temperature from 368° 
to 405° the composition remains constant at PtBrg, and on cooling, still 
in bromine vapour at 1 atm. pressure, no bromine is taken up below 
340°. 

Platinum tribromide is a greenish-black substance, with properties very 
like those of the trichloride. 

Platinum Tri-iodide^ Ptig 

This is again similar^®®^; it is stable in 1 atm. of iodine vapour between 
242° and 264°, but its reactions are so slow that the exact point is difficult 
to determine. In a sealed tube in saturated iodine vapour it is readily 
formed at 350°. It is a black graphite-Hke substance, which is insoluble in 
water, alcohol, ether, and ethyl acetate. 

PlcUinum Tricyanide^ Pt(CN )3 

This is a yellow powder, formed^®®® by heating the complex acid 
H[Pt(CN) 4 ] to 120°; it is insoluble in water, but soluble in boiling potas¬ 
sium cyanide solution. 

6U4.2 3 O 
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COMPLEXES OF TRIVALENT PLATINUM 

These are of two kinds: (1) complexes of the ammine tjrpe, with the 
platinum either neutral or in the cation, and (2) complex cyanides, sul¬ 
phates, or chlorides, in which it is in the anion. 

Complex Trivalent Cyanides 

Levy^®^® found that if K2Pt(CN)4 is treated with chlorine or oxidized 
with manganese dioxide or lead dioxide in acid solution, products are 
formed which seem to be intermediate between [or perhaps mixtures of] 
di- and tetravalent platinum and could not be got in the pure state. If, 
however, the oxidation was effected by hydrogen peroxide in presence of 
sulphuric acid, the Pt(CN)7~ ion was converted into Pt(CN)4, or its salt 
M[Pt(CN)4]. The salts so formed are bronze or copper coloured, and most 
of them dissolve readily in water to give colourless solutions. 

When a solution of the free acid H2Pt(CN)4 is oxidized with hydrogen 
peroxide and evaporated, a green mass of the composition H • Pt(CN)4,2 HgO 
is left, which is easily soluble in water, and decomposes at 120®, leaving a 
light yellow residue of the tricyanide Pt(CN)3. 

Complex Sulphates 

If platinic sulphate Pt(S04)2 is carefully reduced with oxalic acid, the 
acid H[Pt^**(S04)2], 8 , 5 , and 1 HgO is produced, from which various salts 
(Na, 4H2O, orange; K, H2O, yellow) can be obtained.^^®^ See further, 
reference 

Ammines 

Most of these contain as the amine either ethylamine (= ae) or propy¬ 
lamine (= pe), but this is probably merely a question of solubility. 

jf1666 hydrochloric acid solution of the colourless tetrammine salt 

[Pt''ae4]Cl2, 2 H2O is evaporated in air or oxidized with hydrogen peroxide, 
a brilhant red salt is formed which is slightly soluble in water, and insoluble 
in dilute hydrochloric acid. The salt has taken up covalently one atom of 
chlorine, giving a compound of the composition [Ptae4Cl]Cl2, 2 HgO, where 
the platinum appears to be trivalent. The water is easily removed, the 
colour then changing from red to yellow. Further action of hydrochloric 
acid removes two molecules of the amine, leaving the insoluble non-ionized 
compound [PtacgCla]®. 

Drew and Tress^®*’ confirmed these conclusions, and showed that the 
bromide has the composition [Ptae4Br]Br2, HgO; this hydrate is green, but 
in the anhydrous state the salt is red; changes of temperature can, how¬ 
ever, make both states assume both colours: the dimorphism here, and 

u«3 Tschugaev and J. Tscherniaev, Z, ancyrg, Chem. 1929, 182, 169. 

H. B. K. Drew, F. W. Pinkard, W. Wardlaw, and E. G. Cox, J.0.8. 1932,1013. 

H. D, K. Drew and F. S. H. Head, ib, 19^4, 221. 

H. Reihlen and E. Flohr, Ber. 1934, 67, 2010. 

H. D. K. Drew and H. J. Tress, J.C.8. 1936, 1244. 
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no doubt in the chloride also, does not depend on the water. They also 
showed that the ethylamine could be replaced by propylamine. 

The red salt [Ptae 4 Cl]Cl 2 gives in hot water a pale yellow solution, which 
behaves as if it were a mixture of the colourless [Pt"ae 4 ]Cl 2 and the pale 
yellow [Pt^^ae 4 Cl 2 ]Cl 2 ; if solutions of these last two salts are mixed, the 
red salt separates at once. If the solution of the red salt is treated with 
sodium platinichloride NagPtCl^ there is an immediate precipitation of a 
mixture of the two salts [Ptae 4 ] • [PtCl®] and [Ptae 4 Cl 2 ] • [PtCl^]. 

Other salts of this kind, but with more usual amines, such as ammonia 
and pyridine, have also been made.^^^^»^^®^^ For example,^®®® Pt enClg when 
treated with ammonium persulphate gives the red compound Pt ewClg. 
If Pt en0\^ and Pt enCl 4 are ground together, a red compound Pt enClg is 
formed. In the same way if a-Pt(NH 3 )aeCl 2 and Pt(NIl 3 )aeCl 4 are heated 
together, a red substance is produced.^®®^ 

All these trivalent platinum compounds are insoluble in water, and so 
their molecular weights are unknown. Also it is to be noticed that they 
are only formed by compounds of the cis series: trans Pt(NH 3)2012 does 
not react with ammonium persulphate in acid or neutral solution, and in 
alkaline solution it is converted into the sulphate of the platinic compound. 

Complex Chlorides 

A saturated solution of the (not very soluble) casium platinochloride 
Cs 2 PtCl 4 if treated with chlorine water at 0 ® gives a dark green crystalline 
precipitate of Cs 2 PtCl 5 , which more chlorine converts into pale yellow 
Cs 2 PtCl 3 ; the pentachloro-salt can also be made by adding caesium 
chloride to a solution either of the hydrated sesquioxide in cold hydro- 
chloric acid, or of platinum trichloride in water.^®®® 

The free acid HgPtCls cannot be isolated, but it must be present in these 
solutions when they are first formed, since they then give the green 
precipitate with caesium chloride, though after they have stood for a short 
time only the pink salt Cs 2 PtCl 4 is precipitated. 

Caesium pentachloroplatinate (we have no proper nomenclature for 
these compounds) is best distinguished by its dark green colour, as com¬ 
pared with the pink of Cs 2 PtCl 4 and the pale yellow of CsgPtCle. Its chief 
property is its strong tendency to change over into a mixture of the other 
two (platinous and platinic) chlorides; the moist crystals can be seen 
changing in this way imder the microscope; they do so rapidly in sunlight, 
so that the salt must be prepared in the dark. They change also on heating. 

Conditions of Stability of Trivalent Platinum Compounds 

Wohler and Martin^®®^ discuss the conditions of stability of these com¬ 
pounds. The dissociation tensions of oxygen show that the anhydrous 
sesquioxide must always decompose spontaneously. But the hydrated 
oxide PtgOg, aq., is stable, and even at the boiling-point of water does not 
take up any oxygen from oxygen gas. The dissociation tension of chlorine 
reaches 1 atm. for the tetrachloride at 276®, for the trichloride at 370®, 
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and for the dichloride at over 400*^, so that the trichloride has a definite 
range of stability in contact with chlorine. The aqueous solutions of 
the three chlorides may be assumed to contain the acids HgPtCl^O, 
where = 2, 3, and 4; the acid H2PtCi20 can be got in solution by 
reducing H 2 PtCl 40 . The trivalent HgPtClgO is stable with respect to 
the other two H 2 PtCl 20 and H 2 PtCl 40 ; the mixed solution of these last 
two gives with caesium chloride the characteristic green precipitate of 
CsgPtCls. 

On the other hand, when the oxychlorides hre replaced by the pure 
complex chlorides the stability relations are reversed. The trivalent penta- 
chloro-salt M 2 PtCl 5 is unstable with respect to the platinous and platinic 
compounds, and so the solutions of the hydrated sesquioxide or of the 
trichloride in hydrochloric acid have only a transient content of trivalent 
platinum. The complex salts show the same relations. 

Changes like these are common in the relative stabilities of the different 
valencies of the noble metals, where the primary valencies have low energy 
values (this is what is meant by ‘noble’ elements), and accordingly their 
differences are also small. 

As the molecular weights of these trivalent platinum compounds are all 
unknown, it is possible that the formulae should be doubled, and that the 
molecule contains not a trivalent platinum atom but a divalent and a 
tetravalent. With the binary compounds like the sesquioxide and the 
trihaUdes, this could only be settled by X-ray data, which are not avail¬ 
able. But with the complexes we have some evidence. These, so far as 
they are known, belong to four types, which, written as monomeric, are 
[PtAm 4 Cl]X 2 , [PtAm 4 (OH)]X 2 , [PtAmgClg]®, and M 2 PtCl 5 . Thus in every 
case the platinum appears to be 5-covalent. Now the covalency of plati¬ 
num in all its numerous divalent and tetra valent complexes is uniformly 
4 or 6, and where it seems to be 3 this is proved to be converted into 4 by 
dimerization. This strongly suggests that in these trivalent complexes the 
covalency of 5 is relieved by dimerization, becoming 6, with one divalent 
and one tetravalent platinum atom, allowing of a resonance between the 
forms: thus 


a4Pti 


^ ^Pt"a4 


w 


a4Pt 


•C 


Pt^'^a, 


'4» 


otherwise written 


a4Pt‘ 


+ 

Xn 


+ 


Pt"a. 


+ 

Xn 


a.Pt 


-c> 


+ 


;Pt‘’'a4. 


This polymerization would only be possible if the X atoms or groups were 
of a kind that could co-ordinate as a donor; but in all these trivalent 
platinum complexes that is so, there being always one halogen atom or 
hydroxyl group at least on each platinum. (Where X is a cyanide group 
such dimerization is stereoohemically impossible: see I. 183.) Such a 
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dimeric structure would very easily break up into its constituent platinous 
and platinic compounds, and would very easily be formed from them; the 
resonance would be a source of stability: and finally, this kind of resonance, 
involving the shift of an electric charge as we go from one structure to the 
other, is precisely a condition (the ‘meri-quinoid’ state) leading to intense 
colour, which these complexes exhibit. 

Whether platinum atoms in this state, where there is a resonance 
between Pt^ - Pt^"^ and Pt^^ -Pt^^ are correctly described as trivalent, 
is mainly a matter of language. 

TETRAVALENT PLATINUM 

Unlike palladium, platinum is practically as stable in the tetravalent as 
in the divalent state (see summary, p. 1551). 

Alkyl-platinum Compounds 

Platinum is the only metal of the group which has so far been found to 
form alkyl compounds (as is practically its neighbour gold in I. B). These 
were first made in 1909 by Pope and Peachyby the action of the 
Grignard reagent on platinic chloride. The product of this reaction is 
treated with water and extracted with benzene, from which on evapora¬ 
tion yellow crystals of (CH 3 ) 3 PtI separate out. 

Quite recently^^’^ Gilman has obtained the pure platinum alkyls them¬ 
selves. Tetramethyl platinum (CH 3 ) 4 Pt was made in 46 per cent, yield by 
treating the trimethyl iodide with sodium methyl NaCHg; it is a solid 
which decomposes at high temperatures without melting, and is easily 
soluble in cold benzene, acetone, ether, and petroleum ether. 

The hexamethyl compound (CH 3 ) 3 Pt—Pt(CH 3)3 was prepared in a 
60 per cent, yield by the action of powdered metallic potassium on a solu¬ 
tion of trimethyl platinum iodide in benzene. It is very soluble in benzene, 
acetone, or ether; it is monomeric by the freezing-point in benzene. It 
will take up iodine to give trimethyl platinum iodide, which is good 
evidence of its structure. 

These alkyl platinum compounds are among the very few metallic 
alkyls which are not attacked by air or water, almost the only others being 
those of mercury and the dialkyl derivatives of thallium. 

The crystal structures of these remarkable substances have recently 
been examined with unexpected results (see below). 

Trimethyl platinic iodide (CH 3 ) 3 PtI forms orange crystals (a white form 
also appears to exisU®’^); it is 4 to 5 times associated in benzene both by the 
freezing-point and by the boiling-point.^®'^* It is readily soluble in benzene 
and chloroform, slightly in alcohol and acetone, but insoluble in water. 

iM* W, J. Pope and S. J. Peachey, J,C.8. 1909, 95, 671. 

R. C. Menzies, ib. 1928, 666, 

R. C. Menzies and E. R. Wiltshire, ib. 1933, 21. 

H. Gilman and M. Lichtenwalter, J.A.C.S. 1938, 60, 3086. 

R. C. Menzies and H. Overton, J.C.S. 1933, 1290. 
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It is not attacked in the cold by concentrated acids or alkalies. On heat¬ 
ing it decomposes without melting at about 250 ®. 

In benzene solution it will take up ammonia, giving a diammine, 
{CH3)8Pt(NH3)2l, which is colourless, soluble in benzene, and insoluble in 
water (and hence obviously not a salt). The base (CH3)3PtOH is made by 
treating the iodide with moist silver oxide: it forms colourless plates, 
insoluble in water, readily soluble in ether, alcohol, acetone, ethyl acetate, 
chloroform, and benzene, separating from the last three solvents with 
solvent of crystallization; it is not attacked by mineral acids in the cold, 
but is dissolved by hot nitric acid. 

Other trimethyl platinum derivatives prepared were the chloride 
Me3PtCl, got by the action of potassium chloride on the nitrate or sul¬ 
phate : it is insoluble in water, fairly soluble in benzene or chloroform, but 
less so than the iodide; a nitrate, very soluble in water; a sulphate, 
(Me3Pt)2S04, 2 HgO, easily soluble in water but practically insoluble in 
benzene or chloroform; and a cyanide, probably MegPtCN, white and 
insoluble in water. It may be assumed that those that are more soluble in 
organic solvents than in water are covalent, and the others ionized. See 
further, Lile and Menzies.^®*^^ 

Menzies^^®^’® has investigated the compounds formed by trimethyl 
platinum with ^-diketones and the like. Trimethyl platinum iodide reacts 
in benzene with thallous acetylacetone (TIC5H7O2 = TIA) to give thallous 
iodide, and the compound MegPtA, presumably 

^0—C—CH3 
(CH3)3Pt( pCH , 

^0=C^H3 

as colourless crystals, which decompose without melting at 200®, but can 
sublime to some extent unchanged. It is easily soluble in organic solvents 
including hexane; the association factor in 3 per cent, benzene solution is 
1 * 70 . Other jS-diketones behave in the same way; with dipropionyl 
methane the association factor is only 1 * 13 .^^^° 

The crystal structures of both tetramethyl platinum and trimethyl 
platinic chloride have^®^* recently been examined with very surprising 
results. The structures of the two are almost identical; both are tetra- 
meric, the molecule forming a cube with four platinum atoms at alternate 
corners; the Pt . . . Pt distance is 3-73 A in MegPtCl, and 3-44 in Me^Pt. 
In Me3PtCl the other four corners of the cube are occupied by chlorines, 
the angle Pt—^Cl—Pt being 99 ®. The Pt has an octahedral arrangement of 
six groups; 


R. E. Bundle and J. H. Sturdivai^it, J,A.C,8. 1947, 69, 1661, 
W. J. Lile and R. C. Menzies, Nature, 1948, 162, 298. 
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CH3^Pt^ 


CH,^ 
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In Me 4 Pt the structure is the same, except that the 4 Cl atoms are replaced 
by 4 carbon atoms or CHg groups. The structure of the chloride is not 
unusual, chlorine often acting as a donor. But it is very remarkable that 
a methyl group should do so. These methyl groups must in some way 
produce three links, possibly by resonance with C[H] groups. 

Platinum Silicide^ PtSi 

This can be obtained in an apparently amorphous state by fusing the 
elements together at a red heat, or in a crystalline form by dissolving them 
in silver in an electric furnace, and treating the resulting mass alternately 
with dilute sodium hydroxide and nitric acid.^®'^*"® The properties of the 
system platinum-silicon^®’’ show that two compounds PtSi and PtgSi are 
formed. PtgSi melts at 1,100°; it is unaffected by nitric acid, hydrochloric, 
sulphuric, or hydrofluoric; it is soluble in aqua regia and in fused alkah. 

Platinum Dioxide^ PtOg and PtOg, aq. 

Platinum dioxide is a black powder, which can be made by heating the 
hydrated form, although the last traces of water cannot be removed with¬ 
out some loss of oxygen.^®’® It has a lower dissociation pressure than 
either the monoxide or the sesquioxide^®®^ (1 atm. at 400°),^®®^ and hence 
it must decompose directly to the metal and oxygen. 

If platinum^®’® tetrachloride is boiled with excess of sodium hydroxide 
and acetic acid added, the precipitate that is formed is white, and on boil¬ 
ing turns yellow, having then the composition PtOg, 3 HgO. In this form 
it dissolves readily in alkalies, giving salts of the composition M 2 [Pt(OH)e], 
which are isomorphous with the stannates M 2 [Sn(OH) 6 ]: the hydroxide 
Pt(OH )4 is thus definitely amphoteric. These salts are, properly speaking, 
complex, since the covalency of the platinum atom in them is greater than 
its valency, and they form the last stage in the replacement of the chlorine 
atoms of the chloroplatinate by hydroxyl. This pale yellow trihydrate 
PtOg, 3 HgO loses one molecule of water over sulphuric acid, giving the 
brown dihydrate, and this at 100° loses a second molecule to form the 
monohydrate PtOg, HgO, which is nearly black^®’®"®^; the last molecule 
cannot be completely removed without some decomposition of the dioxide. 
The di- and trihydrated forms dissolve with difficulty in sulphuric or nitric 
acid, but easily in hydrochloric acid or in sodium hydroxide. The mono¬ 
hydrate is insoluble in hydrochloric acid and even aqua regia. 

P. Lebeau and A. Novitzky, C.i?. 1907, 145, 241. 

1676 E Vigouronx, ib. 376. 

N. M. Voronov, Ann, Sect, Platine, 1936, 13, 145. 

C. Koessler, Z, anorg, Ohem, 1897, 15, 405. 

L. Wohler, ib. 1904, 40, 423. 

M. Blondel, Ann, Chim, Phya, 1905, [8] 6, 81. 

1681 L Wohler and W. Frey, Z, Elektrochem, 1909, 15, 129. 

L. Moser and K. Atynski, Mon, 1925, 45, 235. 

1588 Biltz and R. Juza, Z, anorg, Chem, 1930, 190, 161. 

P. Laffitte and P. Grandadam, 0,R, 1935, 200, 456. 
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Platinic Sulphide^ PtSg 

Platinum and sulphur react rather slowly at 650° to give the disulphide 
PtS 2 , the only compound of platinum and sulphur except the monosul¬ 
phide PtS.^^®* It can also be made by the action of sulphur on ammonium 
platinichloride at a dark red heat. When prepared in the dry way it is a 
steel-grey powder, which is quite stable in air; it has a dissociation tension 
of 300 mm. at 690°. The crystals, like those of PtScg and PtTeg, have a 
cadmium iodide lattice.^^®^ When it is made in the wet way, by the action 
of hydrogen sulphide on a solution of a platinichloride, it separates in a 
colloidal form or as a black precipitate, which is readily oxidized by air, 
and must be filtered and dried in an atmosphere of hydrogen sulphide. 

Platinum Diselenide^ PtSeg^^®^ 

This is said to be formed from the elements, or by heating the tri- 
selenide PtSeg (p. 1626), as a black unstable substance, which dissolves in 
alkaline selenides to form complex salts. 

Platinum Ditelluride, PtTe 2 ^^^® 

This is made by fusing the elements together and removing the excess 
of tellurium by boiling with caustic potash solution or extracting with cold 
dilute nitric acid. It forms grey octahedra which are not attacked by 
concentrated nitric acid or potassium hydroxide. 

PLATINUM TETRAHALIUES 

Platinum Tetrafluoride, PtF^ 

This was prepared by Moissan^^®^ by passing fluorine over red-hot 
platinum. Attempts^®®^ to prepare it by the action of hydrogen fluoride 
or potassium acid fluoride on platinic chloride were not successful. It 
forms yellow or red crystals which are hydrolysed violently by water. 

Platinum Tetrachloride^ PtCl 4 

This can be made by heating platinum with chlorine or a source of 
chlorine.^*^®^ It is diflScult to prepare the anhydrous compound except 
with a slight defect of chlorine: this is best avoided by heating platinum 
with arsenic trichloride and selenium tetrachloride in a sealed tube.^^®^ It 
is commonly made by heating the acid HgPtCle to 300°. 

1686 Thomassen, Z. physikcU, Chem, 1929, B 2, 364. 

1686 y Meyer and H. Ziiblin, Ber, 1880, 13, 404. 

1687 yr. Halberstadt, ib. 1884, 17, 2962. 

A. Miolati, Z. anorg. Chem, 1899, 22, 446. 

1589 Y. Kohlrausch, Z, physikal. Chem. 1900, 33, 267. 

A. Miolati and I. Bellucci, AUi R. 1900, [6] 9, ii. 140. 

I. Bellucci, ib. 1902, [6] 11, i. 8. 

H. Moissan, Fltior, 1910, p. 213. 

A. Gutbier and F. Heinrich, Z. anQrg, Chem. 1913, 81, 378. 

O. Ruff, Ber. 1913, 46, 920. 

1696 Wdhler and S. Streicher, ib. 1691. 



Tetravalent Complexes 1615 

Platinum tetrachloride forms reddish-brown crystals which are easily 
soluble in water and acetone. It crystallizes from water as a variety of 
hydrates, usually with 5 HgO, but a heptahydrate has been described, and 
tetra- and monohydrates can be made. These hydrates, or some of them, 
are clearly complex oxyhalide acids, of which H 2 PtCl 4 (OH) 2 ^®®® is the best 
marked (Hittorf and Salkowsky 1899). This is one of the series of com¬ 
pounds joining HoPtCle to H 2 Pt( 0 H)e; its formation in aqueous solution 
is shown by the titration, by the conductivity, and by the formation of 
salts, though most of these are too soluble to be isolated.(See later, 
p. 1623, under the complex hahde acids.) 

Platinum Tetrahromidey PtBr 4 

This is made by dissolving platinum in hydrobromic acid solution con¬ 
taining free bromine, evaporating, and drying at 180°.^®®® It is a brownish- 
black powder, which is only slightly soluble in water, but easily in alcohol 
and ether.^®®®""^ It is less stable than the chloride, and in its preparation 
must not be heated too long, as at 180° it begins to decompose into 
platinous bromide and bromine. The aqueous solution contains the com¬ 
plex acid H 2 PtBr 4 (OH )2 from which salts can be prepared.^®®® 

Platinum Tetraiodide, Ptl 4 

Platinum differs from palladium in giving a tetraiodide, a sign of the 
greater resistance of tetravalent platinum to reduction. It is a brown- 
black substance which can be made by treating concentrated chloro- 
platinic acid solution with hot solution of potassium iodide (Topsoe, 1889). 
It behaves like the tetrachloride and the tetrabromide. It dissolves in 
alcohol to give a solution which decomposes in light, and which mainly 
consists of the complex acid H 2 Ptl 4 (OH) 2 , from which the silver, thallous, 
and mercuric salts have been obtained. 

COMPLEX COMPOUNDS OF TETRAVALENT PLATINUM 

Tetravalent platinum forms almost as many kinds of complexes a43 
divalent. They include cations, neutral molecules, and anions; the co¬ 
ordination number is in practically if not absolutely every case 6. The 
general preferences in the co-ordination are much the same as for the 
divalent element; the link to nitrogen is very strong; the link to oxygen, as 
in the platinous series, is very weak except in certain chelate compounds, 
and in the hydroxo-ammines, like [PtAm 50 H]X 3 , where it can be remark¬ 
ably strong. The link to sulphur, though stronger than that to oxygen, is 
weaker in the platinic than in the platinous series. In general the stability 
of the platinic state in the complexes is as great as that of the platinous, 
in the sense that the reduction to the divalent state requires a vigorous 
reagent. The platinic complexes include as many forms of ammines as 
the platinous, but not so many kinds of acid radicals; the halides and 
hydroxy-compounds are as stable as with divalent platinum, but the 
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complexes with other negative groups, especially the nitro- and oyano- 
groups, are unstable and few. 

Complex Cyanides 

Various attempts by Mendeleeff and others to make complex cyanides 
of tetravalent platinum have so far failed,^®®*-® though it is probable 
(p. 1608) that trivalent cyanide complexes exist. 

On the other hand, Miolati and Bellucci^®®® have been able to prepare 
an undoubted complex cyanide of tetravalent platinum, though not a pure 
cyanide. They found that by treating silver platinocyanide Ag 2 Pt(CN )4 
with halogen they could oxidize it to the tetracyano-dihalides 

Ag2[Pt(CN)4Cy 

and the corresponding dibromo- and di-iodo-cyanides, all of which are 
stable to water. 

Thiocyanate Complexes 

These are of the type M 2 [Pt(CNS) 6 ]; they were discovered by Buckton 
in 1854.^®®® An X-ray examination of the ammonium, potassium, and 
rubidium salts^®®^ seems to show that the CNS groups are attached to the 
platinum atom through the sulphur, although this is not certain. 

Similar selenium compounds M 2 [Pt(SeCN)«] have also been made.^®®® 

Platinic Ammines 

Platinic ammines are known of every t 3 ^e from [Pt Amg] X 4 to M[Pt AmXg] 
and M 2 [PtX 4 ]. Werner has pointed out that the molecular conductivities 
of these compounds (at 25° and V = 1 , 000 ), being roughly proportional 
to the number of ions into which the molecule breaks up (more nearly to 
the sum of their valencies), show how the ionic type changes along the 
series: 

[Pt(NH 3 )e]Cl 4 . 622*9 

[Pt(NH 3 ) 3 Cl]Cl 3 .... 404 

[Pt(NH3)4Cl2]Cl2 .... 228 

[Pt(NH 3 ) 3 Cl 3 ]Cl .... 96*8 

[Pt(NH 3 ) 2 Cl 4 ]° . . . . ca. 0 

K[Pt(NH 3 )Cl 5 ] .... 108-6 

KaEPtae].266 

A great variety of monamines and diamines can take the place of 
ammonia in these complexes, as can also hydrazine^®^® and hydroxyl- 
amine.^®®^^ 

L. A. Levy, J.0.8. 1912, 101, 1081. 

J. E. Reynolds, Proc. Roy. Soc. 1909, 82, 380. 

H. Terrey, ib. 1930, 128, 369. 

A. Miolati and L. Bellucci, Oaz. 1901, 30, ii, 688. 
leoo Buckton, Ann. 1864, 92, 284. ^ 

S. B. HendriclM and H. E. Merwin, Am. J. Sci. 1928, [6] 15, 487. 
leo* Q. Spacu and V. Armeanu, Btd. Soo. Stiinte Ohij, 1934, 7, 610. 
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The extensive group of ammines of tetravalent platinum is most con¬ 
veniently divided according to the number of nitrogen atoms attached to 
the platinum, beginning with the hexammines. 

Hexammines 

The simplest of these, [Pt(NH 3 )e]Cl 4 , can be made (Drechsel and 
Gerdes, 1879) in very bad yield by the electrolysis of ammonium carbonate 
solution with platinum electrodes and an alternating current, or much 
better (Tschugaev^®^®) by the action of liquid ammonia on ammonium 
platinichloride (NH 4 ) 2 [PtCle]; it has 2 HgO. It forms a crystaUine 
hydroxide [Pt(NH 3 ) 6 ](OH) 4 , which is said to be almost insoluble in water. 

The corresponding ethylene diamine compounds [Pt were made 

by Werner,who resolved them into their optical antimers, as did 
Smirnov^®®® with the propylene diamine compounds 

H 2 N.CH(CH 3 )CH 2 .NH 2 (= pn): 

the asymmetric carbon atoms (C) in the diamine each contribute 96° to the 
polarization [M], while the rest of the molecule contributes 747°. 

The poly-ammines of tetravalent platinum show a tendency for one of 
the NHg groups to go over into NHg, the change Pt<—NH 3 to Pt—^NH 2 
corresponding exactly to that of Pt-^OHg to Pt—OH. This makes them 
somewhat basic, since the nitrogen in Pt—NHg is trivalent and hence can 
act as a base. A series of platinic ammines were shown^®^® all to be more 
basic than pyridine, and the strongest, [Pt(en)NH 2 (N 02 )Cl]°, was as strong 
as ammonia; the basicity is greater the smaller the positive charge on the 
complex. 

Pentammines 

These were first made by Tschugaev in 1915,^®®^’^®^^ by the action of 
ammonia, either as the liquid or in concentrated aqueous solution, on the 
diammine [Pt(NH 3 ) 2 Cl 4 ]° (either the cis or the trans form), or more con- 

H. Grossmann and B. Schiick, Ber. 1906, 39, 1900. 

A. Werner, ib. 1907, 40, 4093. 

1605 L Tschugaev and N. Vladimirov, G.R, 1915, 160, 840. 

1606 L Tschugaev and I. Tschemiaev, ib. 161, 637. 

A. Werner, Naturf. Oes. ZuHch, 1917, 62, 553. 

D. Stromholm, Z, anorg, Chem. 1919, 108, 184. 

1600 A p Smirnov, Helv. Chim, Acta, 1920, 3, 177. 

1610 L Tschugaev, Z. anorg, Chem. 1924, 137, 1. Id., ib. 401. 

L, Tschugaev and W. Chlopin, ib. 1926, 151, 253. 

F. G. Mann, J.C.8. 1927, 1224. 

I. I. Tschemiaev, Ann. Inst. Platine, 1928, 6, 40. 

A. A. Griinberg and G. P. Faermann, Z. anorg. Chem. 1930, 193, 193. 

I. I. Tschemiaev, Ann. Inst. Platine, 1931, 8, 37. 

F. G. Mann, J.C.8. 1934, 466. 

A. M. Rubinschtein, Ann. 8ect. Platine, 1936, 13, 21. 

V. I. Goremikin and K. A. Gladischevskaja, BvU. Acad. 8ci. U.R.8.8. 1943, 

338 . 

Id., ib. 401. 


V. I. Goremikin, ib. 1944, 105. 
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vemently on ammonium platinichloride (NH 4 ) 2 [PtCl«], but only if there is 
present either ammonium carbonate or a soluble phosphate, such as 
sodium hydrogen phosphate Na 2 HP 04 ; the carbonate and phosphate ions 
form very insoluble salts with the pentammines, and so remove them from 
the sphere of the reaction. When once they are isolated, the pentammines 
show remarkable stability. From the carbonate [Pt(NH 3 ) 5 Cl] 2 (C 03)3 so 
formed the other salts can be made. 

A series of salts of the chloropentammines [Pt(NH 3 ) 5 Cl]X 3 ( [BJXj) 
are known. The chloride [BJClg has only three-quarters of its chlorine 
precipitated by silver nitrate: the nitrate [B](N 03)3 gives no precipitate 
with silver nitrate even when hot. The chloride [BjClg is easily soluble in 
water; soF 17-4/0®; it is precipitated by the addition of hydrochloric acid. 
In the dry state it slowly loses ammonia, being converted mainly into the 
very insoluble tetrammine [Pt(NH«) 4 CL]Cl 2 and the amino-compound 
[Pt(NH3)4NH2Cl]Cl2. 

The bromide [Pt(NH 3 ) 5 Cl]Br 3 is similar. The nitrate [B](N 03 ) 3 , soF 
0-99/0®, 2-16/21® is stable. The trivalency of this cation is proved by the 
conductivity (given above), and also by its effect on the coagulation of 
arsenic trisulphide sol.^®®® 

When these chloropentammine salts are warmed with excess of potas¬ 
sium iodide, a graphite-hke precipitate of the iodo-tetrammine iodide 
[Pt(NH 3 ) 4 l 2 ]l 2 is formed. 

The bromopentammines [Pt(NH 3 ) 5 Br]X 3 are similar in preparation and 
properties. The hydroxopentammines [PtAm 50 H]X 3^®^®’^®^2 were first 
made^®®® by oxidizing the cis form of [Pt(NH 3 ) 2 Cl 4 ]° with ozone in presence 
of ammonia and (as before) of ammonium carbonate. An easier method is 
to heat the chloropentammine salt with 2-3 per cent, sodium hydroxide 
solution nearly to 100®; this converts it into the base [Pt(NH 3 ) 50 H]( 0 H) 3 , 
which with excess of hydrochloric acid gives the chloride of the hydroxo- 
pentammine [Pt(NH3)60H]Cl3, HgO; the water is slowly lost at 110®. This 
compoimd is exceptionally stable; it only decomposes at high temperatures. 

It is remarkable that all attempts to replace the chlorine in the cation 
of the chloropentammine by anything but bromine or hydroxyl have 
failed. The hydroxo-compound seems to be in every way exceptionally 
stable. If the chloro-compound [Pt(NH 8 ) 5 Cl]X 3 is treated with potassium 
cyanide, which, as we have seen, is very effective in the platinous series 
in expelling other groups from a complex, the chlorine is indeed removed, 
but it is replaced by hydroxyl and not by a cyanide group. In the same 
way excess of ammonia transforms the chloropentammine into the 
hydroxo-compound and not into the hexammine. 

In solubility these pentammine salts (and to some extent the hexam¬ 
mine salts also) are like the salts of barium and lead; thus the sulphate, 
chromate, and oxalate are all insoluble, the chloropentammine salts rather 
more than those of barium and lead, the heiammine salts rather less. The 
sol*«*at 0® are: [Pt(im3)6a3Cl3 17-4; [Pt(NH 3 ) 50 H]Cl 3 2-82; 

2.91. 
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All three series, hexammine, and chloro- and hydroxopentammine, are 
reduced by zinc and dilute acid to the platinous complex [Pt(NH 3 ) 4 ]X 2 . 

Tetrammines^ [PtAm4R2]X2 

These salts can often be made from the platinous tetrammines by oxida¬ 
tion with halogens or other oxidizing agents: for example, 

[Pt(NH3) JX 2 + Br^ = [Pt(NH3)4Br2]X2. 

Also the chloropentammine chloride, as we have seen,^®^® loses ammonia to 
give the tetrammine [Pt(NH 3 ) 4 Cl 2 ]Cl 2 , a very insoluble salt. Further, a 
diammine or a hexa-acido-complex will sometimes exchange its acidic 
groups for a chelate diamine.^®®® Thus the complex thiocyanate 

K2[Pt(CNS)e] 

reacts with ethylene diamine to give a salt [Pt en 2 (C^XS) 2 ](CNS) 2 , which 
is remarkable for being insoluble in water and even in strong acids, and 
only dissolving after long boiling with aqua regia. 

The tetrammine structure seems to admit of a greater variety of acidic 
groups than the pentammine; thus in addition to chlorine, bromine, and 
hydroxyl we can have the thiocyanate, the nitro-group (by the direct 
oxidation of the platinous [Pt(NH 3 ) 4 ]X 2 with nitrogen peroxide), and SO 3 : 
if the dichlorotetrammine [Pt(NH 3 ) 4 Cl 2 ](N 03)2 is treated with sulphur 
dioxide the salt [Pt(NH 3 ) 4 S 03 ]S 03 , 2 HgO is formed.^®®® This on boiling 
with water undergoes internal oxidation and reduction, and is converted 
into the platinous sulphate [Pt(NH 3 ) 4 ]S 04 . 

The di-hydroxo-compounds,^®®^ which can he made by hydrolysing the 
dibromo-compounds by means of sulphuric acid 

[Pi(NH3)4Br2]X2 -^ [Pt(NH3)4(OH)2]X2 

are peculiar in several ways. The sulphate [Pt(NH 3 ) 4 ( 0 H) 2 ]S 04 is known 
both in the anhydrous state and as a tetrahydrate; both forms will 
recrystalhze from the same solution, and the anhydrous seems to be more 
stable, but the hydrate shows remarkable metastabihty, as is common 
with sulphates. 

Again, in these compounds the hydroxo-groups should be readily con¬ 
verted into HgO on teeatment with hydrochloric acid 

[Pt(NH 3 ) 4 (OH) 2 ]Cl 2 + 2Ha = [Pt(NH3)4(OH2)2]a4. 

But this does not happen. The intermediate aquo-hydroxo-tetrammine 
[Pt(NH 3 ) 4 (OH)(OH 2 )]Cl 8 can be made but it is hydrolysed back again 
even by atmospheric moisture. 

The ‘amino-salts’ are formed by the reaction: 


[Pt(NH 3 ) 3 Cl]X 3 —^ [Pt{NH 3 ) 4 NH 2 Cl]X 2 + HX, 

from the pentammine salt whenever its solution contains enough hydroxyl 
and X ions^®^^: thus the nitrate [Pt(NH 8 ) 6 Cl](N 03)3 when treated with hot 
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ammonia solution gives [Pt(NH 3 ) 4 NH 2 Cl](N 03 ) 2 . These salts, unlike the 
chloropentammines, are yellow. In solution they have a marked alkaline 
reaction, and can be titrated (see above, p. 1617) as monacid bases with 
methyl orange. The chlorine in the cation is not affected by acids, but 
alkalies, even ammonia, at once replace it by hydroxyl. 

Tschemiaev^®^^ has resolved the tetrammine salt [Pt ew(NH 3 ) 2 Cl 2 ]X 2 
into its optical antimers. He finds that in these and similar compounds 
the sign of the rotation is reversed when an NH 3 group is converted into 
an NHg. 

Triammines, [PtAnigRgJX 

Relatively few of these compounds are known; they can be made in 
the usual ways, for example, by the oxidation of a platinous triammine: 

[Pt7NH3)3N03]N03 —> [Ptiv(NH3)3Cl3]CL 

Tscherniaev^®^^*^®^® has resolved into their optical antimers the salts 
[Pt e?i(Am)Cl 2 (N 02 )]X, where Am = NHg, ethylamine, and pyridine: and 
[Pt ew(Am)Cl(N 02 ) 2 ]X, where Am == ethylamine and pyridine. 

DiammineSj [PtAmgRJ'' 

These non-ionized compounds can be made by oxidation of the platinous 
diammines (when of course the cis-trans isomerism is preserved), or by 
exchange from other platinic diammines.^® particular, the replace¬ 
ment of hydroxyl by other groups seems to be much easier here than in the 
pentammines, for example in the reaction 

HNO, 

[Pt(NH3)2(0H)2(N03)2]^-> [Pt{NH3)2(N03)4]°. 

They can also be made by boiling the chloroplatinate MgPtCle with 
amines. A great variety of bases have been introduced in this way,^®^® 
pyridine, pyrazol, isoxazol, etc. Mann^®^® prepared a compound of the 
[Pt enCl^Y type with a, y-triaminopropane. The formula shows that the 
triamine only fills two co-ordination places, so that only two of its NHg 
groups are attached to the platinum. Hence there are two possible struc¬ 
tures, according as it is the a- or the jS-NHg that is free: 

CH.-CH—CH 2 —NH. 

11 

\pt;/ 

i. 

(I) 

leta Yor the crystal structure of trana-Ft (NH,) 2 Cl 4 see N. V. Belov, G. B. Bokii, 
and L. A. Popova, BuU, Acad, Sci, U.SJS,E, 1947, 249. 


NH 2 


CH,—CH—CH, 

I I 


*4 
( 11 ) 
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It is possible to show which ring is formed, since the 5-ring of I, but not the 
6-ring, has an asymmetric carbon atom (marked C*). Mann was able to 
resolve his product, showing that the structure is I. This is to be expected, 
since though the fully reduced 6-ring is as strainless as the 5, it is likely to 
be formed less rapidly (see IV. 499). The corresponding derivative of the 
triamine j8, jS-diaminodiethylamine HgN • CHg • CHg • NH • CHg • CHg • NHg, 
which should have an asymmetric nitrogen atom, could not be resolved.^®^^ 

Monammines^ M[PtAmR 5 ] 

These can be made by the oxidation of platinous monammines, or by 
the action of amines on a cliloroplatinate, if it is not carried too far: for 
example, by heating the salt of the amine: 

(pyH) 2 [PtCl 6 ] -> (pyH)[Pt pyCls] + HCl. 

Nitro-dihalide Complexes 

The nitro-compounds of tetravalent platinum are few.^®^® It has been 
found possible^®^®"^ to prepare two isomeric forms of the non-ionized 
[Pt e?i(N02)2Cl2]°; it is remarkable that when they are treated with 
ammonia it is the chlorine and not the NO 2 that is displaced, giving 
[Ptew(NH3)(N02)2Cl]Cl. 

The pure tetranitro-dibromo-complex Ag2[PtBr2(N02)4], can be made^®®^ 
by the action of bromine on the platinonitrite, Ag 2 [Pt(N 02 ) 4 ]; it is a very 
unstable substance. 

Hydroxy-halide Salts 

The halogen atoms in a hexahalide can all be replaced successively by 
hydroxyl, and we can get any member of the series M 2 [PtCl 0 _^(OH)^J from 
MjPtCle to M 2 [Pt(OH) 0 ], except the trihalide M 2 [PtCl 3 (OH) 3 ], which does 
not seem to have been prepared. 

Tetrahydroxo-dihalides 

The acid of this series can be made from the tetrachloro-silver salt just 
as that is made from the hexachloro-salt, by boiling in water: 

Ag 2 [PtCl,(OH) 2 ] -> H 2 [PtCl 2 (OH) 4 ] + 2 AgCl. 

PlatinateSy M2[Pfc(OH)3] 

This is the last product of the replacement of chlorine in the chloro- 
platinates by hydroxyl. The free acid is presumably contained (no doubt 
in a polymerized form) in the hydrate Pt 02 ,4 HgO discovered by Fremy 
in 1851: this may be written H 2 [Pt(OH)e]. It can be made^®^® by heating 
a solution of chloroplatinic acid H 2 PtCle to boiling with sodium hydroxide, 
and then precipitating with acetic acid. It is a pale yellow insoluble 
powder, which loses two of its water molecules at 100 ^, and the other two 

1.1. Tschemiaev and A. N. Fedorova, Ann» Inst. Platine, 1929, 7, 73. 

1.1. Tschemiaev and F. M. Klatschkin, ib. 84. 

I. Belluooi, AUi R. 103, [6] 12 , ii. 635. 
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at a higher temperature. When freshly made it is easily soluble in alkalies, 
giving a series of salts of the composition M2[Pt(0H)e], which are soluble in 
water but insoluble in alcohol. They do not lose any water at 110 °, but 
at a much higher temperature they give it off with decomposition. The 
sodium, potassium, silver, and thallous salts have been made, and they all 
behave in this way.^®^^’ They are as stable as the chloroplatinates. The 
potassium salt has been shown to be isomorphous with the stannate 
K2[Sn(OH8)].^®^® This fact, together with the remarkable firmness with 
which the water is retained by the salt, is strong evidence of the correct¬ 
ness of the hexahydroxo-structure. 

Oxalato-compovnds 

The oxalato platinic compounds are very few compared with the 
platinous, but Werner was able^®^® by the action of chlorine on the platino- 
oxalate NagPtOxg to make the mixed platinic complex Na 2 [PtCl 20 x 2 ]. Tt 
forms large yellow crystals, which are easily soluble in water. The potas¬ 
sium salt (HgO) is similar; the caesium salt, which very unexpectedly has 
6 HgO, is dark yellow. 

Sulphur Complexes of Tetmvalent Platinum 

Sulphur seems to have less affinity for tetravalent than for divalent 
platinum, and various attempts to make thioether complexes like those of 
divalent platinum have failed, though some compounds of this type have 
been described (Ephraim). There is, however, one polysulphide which 
almost certainly contains tetravalent platinum. This is the compound 
(NH4)2[PtSi5], 2 HgO which is made^®*® by the action of ammonium poly¬ 
sulphide on chloroplatinic acid. A precipitate is formed which after wash¬ 
ing with carbon disulphide and drying over sulphuric acid has the above 
composition; it forms red crystals which are stable when dry, and give a 
yellow-red solution in alcohol. In the absence of X-ray data we can only 
speculate on its structure; but if we agree that ammonium persulphide 
largely consists of the compound (NH4)2[S5], we can write this platinum 
compound (NH4)2[Pt*^(S5)3], 2 H2O. The covalency of course is not known 
so long as we are ignorant of the structure of the 85 group. Palladium, as 
we have seen (p. 1675 ), gives a compound of similar but not identical 
composition, (NH4)2PdSn, 1/2 H2O. 

Complex Platinic Halides 
Hexafluoro-salts, MaPtF^ 

Schlesinger and Tapley^®®® prepared KgPtFj by heating platinum black 
with the compound 3KF,HF,PbF4; there is no other reference to these 
salts. 

M. Blondel, Ann, Chim, Phya, 1906, [8] 6, 81. 

H. I. Schlesinger and B. E. Palmateer, J,A,C,S, 1930, 52, 4316. 

A. Hantzsch, Z, phyaikal, Ghem. 1910, 72, 362. 

A. Werner and E. Grebe, Z^ anorg. Ghem, 1899, 21, 377. 

K. A. Hofmann and F. Hdchtlen, Ber. 1903, 36, 3090. 
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Hexachlor o-salts^ MgPtCle 

These salts, the platinichlorides or chloroplatinates, are the best known 
of the hexahalides, especially on account of their use for the characteriza> 
tion of amines, owing to the insolubility of many of the amine salts, and 
the ease with which their platinum content can be determined. 

The free acid is usuaUy made directly by dissol ving platinum in aqua regia, 
either by heat, or by making it the anode in the electrolysis of hydrochloric 
acid,^®®® or by the addition of hydrogen peroxide.^®^ On evaporation the 
free acid separates in brownish-red deliquescent crystals of HgPtCle, 6 HgO, 
easily soluble in water, alcohol, or ether. A large number of its salts are 
known. Of the alkaline salts there are Li, 6 HgO, very soluble: Na, 6 HgO, 
red, very soluble: the other alkaline salts are anhydrous, and their sol*®® 
at 20° are K M2; Rb 0 * 141 ; Cs 0 * 070 . A nitrosyl salt (NO)2[PtCl6] can be 
got by recrystaUizing platinic chloride from aqua regia: it forms orange 
crystals, which evolve nitric oxide with water. 

A large number of amine salts have been made for the characterization 
of amines. Many of the quaternary ammonium salts have been examined 
crystallographically by Ries.^®^® The tetramethyl ammonium salt 
[(CH3)4N]2[PtCl«] has been shown^®®® to have the groups arranged tetra- 
hedrally roimd the nitrogen, and octahedraUy round the platinum. 

The intensity of the colour of aqueous solutions of these salts is indepen¬ 
dent of the dilution (Beer’s law) and practically of the solvent, as we should 
expect where the coloured ion is covalently saturated and not capable of 
further co-ordination.^®**®’^®®’ 

These salts have a tendency to hydrolyse in solution, which is much 
increased by light, especially by violet hght.^®^®*^®^’ 

Hexabromo-saltSy M2[PtBrg] 

The acid of this series can be made by dissolving platinum in a mixture 
of hydrobromic acid and bromine,^®®^ or of hydrobromic and nitric acids: 

A. Miolati and I. Bellucci, Atti R. 1900, [6] 9, ii. 61. 

Id., ib. ii. 97. I. Bellucci, ib., 1902, [6] 11, i. 8. 

i«34 E. Biilmann and A. C. Anderson, Ber, 1903, 36, 1366. 

1635 ^ Miolati, Z. anorg, Chem. 1903, 33, 261. 

h. C. P. Weber, J.A.G.8, 1908, 30, 29. 

A. Hantzsch, Ber, 1908, 41, 1216. 

1®®* A. Gutbier and F. Bauriedel, ib. 4243. 

J. Jacobsen, CM. 1909, 149, 574. 

1®*® A. Ries, Z. Kriat. 1911, 49, 613. i®®i M. Boll, C.R. 1913, 156, 138. 

i®®» K. L. Datta, J.C.8. 1913, 103, 426. i®®» Id., J.A.C.8. 1913, 35, 1186. 

1®^® R. L. Datta and T. Ghosh, ib. 1914, 36, 1017. 

1®*® A. Gutbier, F. Krauss, and L. v. Muller, 8itzb, Phya.-Med. 8ozi. Erlangen, 

1914, 45, 26. 

1646 Rudnick and J. D. Cooke, J.A.C.S. 1917, 39, 633. 

E. H. Archibald, J.C.8. 1920, 117, 1104. 

i®®« E. H. Archibald and W. A. Gale, ib. 1922, 121, 2849. 

®®®® H. I. Schlesinger and M. W\ Tapley, J.A.C.S. 1924, 46, 276. 

1®®® M. L. Huggins, Phya, Rev. 1926, [ii] 27, 638. 
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or by the action of hydrobromic acid on platinic chloride^®^®*^®^® It has the 
composition HgPtBre, 9 HgO, and forms dark red very soluble prisms. The 
salts are usually red or brown, and their aqueous solutions are red when 
concentrated and yellow when dilute. The alkaline salts crystallize in octa- 
hedra: their solubility decreases as the atomic weight of the alkali metal 
goes up (strong acid salts).The salts of organic bases, both aliphatic and 
aromatic, are as characteristic as the chloroplatinates.^^^^*^®^’*^®^®"^ They 
are fairly stable in water, and can be recrystallized from it if the tempera¬ 
ture does not rise too high, but the solutions hydrolyse on heating, 
especially in light,and it is usually better to recrystallize the salts from 
dilute hydrobromic acid. 

If the solution is heated with an oxalate the salt is reduced, with evolu¬ 
tion of carbon dioxide, to the platinous salt M2PtEr4.^®®^ 

The platinic hexahalides readily exchange halogens with the simple ions 
of another halogen; for example: 

[PtBrJ"- + 6 Cr ;f==^ [Ptag]"" + ^ 

The reaction certainly takes place in stages; in fact a mixed salt 

K^CPtCl^BrJ 

has been prepared^®®^ by the action of bromine on an aqueous solution of 
the platinochloride K2PtCl4. The equilibrium in this reaction has been 
measured by Schlesinger by means of the colour.^®^^ He finds that in 
order that the conversion of the PtBr^ ion to PtClg should go to 99 per cent, 
the ratio Cl/Br in the solution must be greater than 660 ; for a 99 per cent, 
conversion of Ptl® to PtBre the ratio Br/I must be at least 25 , 000 ; from 
which we can calculate that for a 99 per cent, conversion of Ptie to PtClg, 
the ratio Cl/I must be greater than 16 million. 

Hexaiodo-saltSy MgPtIg 

These were discovered by Lassaigne in 1833 ; they can be made from the 
platinichloride and potassium iodide. The free acid HgPtle, 9H2O is 
brown, and very unstable; it readily decomposes into water, hydrogen 
iodide, iodine, and platinous iodide. 

The salts are aU chocolate or black; the rubidium salt is less soluble than 
the potassium, and the caesium less still.^®^^ ^ large number of salts of 
organic bases have been made,^®®^”^ which are similar to the bromides and 
chlorides; among the methyl-substituted ammonium salts the solubility 
diminishes as the number of methyl groups increases. 

Pentahalides, M 2 [Pt(hal) 50 H] 

Salts of this type were obtained^®®^”* by fusing chloroplatinic acid 
HgPtCle with potassium hydroxide under diminished pressure. The 
lithium and sodium salts were too soluble to be isolated, but a barium 
salt BafPtClsOH], 4 HgO, a silver salt (yellow), and a thallous salt (pink) 
.have been prepared. These last two are both anhydrous. 

R. Klement, Z, anorg. Chem, 1927, 164, 195. 
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TetrahalideSj M2[PtCl4(OH)2] 

This seems to be the stablest type. Platinic chloride dissolves readily 
in water, and crystallizes out as a hydrate, which undoubtedly should be 
written as the free acid H2[PtCl4(OH)2], The acid can also be made 

by boiling an aqueous solution of the silver salt Ag2[PtCl6], which changes 
into H2[PtCl4(OH)2] + 2 AgCl. From the solution a silver salt 

Ag,[Pta4(OH)2] 

can be obtained.^®®® The salts of this acid can also be made by oxidizing 
the platinochloride M2PtCl4 with hydrogen peroxide or hydrogen per¬ 
sulphide H2S2 .i®^2-3 

The corresponding silver, thallous, lead, and mercuric bromides 

M2[PtBr4(OH)2] 

can be made^®®^ by adding the required base to a solution of platinum 
tetrabromide in water. 

The tetraiodides M2[Ptl4(OH)2] of silver, thallium, and mercury were 
made from Ptl4 in alcohol.^®®® 

HEXAVALENT PLATINUM 

A small number of platinum compounds have been described—an oxide, 
selenide, phosphide, and arsenide—in which the element appears to be 
hexavalent. While there is no theoretical reason against the occurrence of 
hexavalent platinum (hexavalent palladium is unknown, but the higher 
valencies are always more stable with the heavier elements), it is unfor¬ 
tunate that all these compounds are with polyvalent elements, which 
therefore might form links of the peroxide type —0—0—, involving a 
lower valency for the platinum than the formula suggests; also the X-ray 
structure has only been determined for the arsenide, where its results do 
not decide the valencies. In the trioxide, however, which is by far the best 
known of these compounds, the existence of hexavalent platinum seems 
almost certain. 

Platinum DiphospMdey PtP2 

This compound, in which the platinum is prima facie hexavalent, is 
readily formed by heating the elements together, or by burning platinum 
in phosphorus vapour. It forms a bright metallic mass, not attacked by 
hydrochloric acid, but readily dissolved by ammonia. 

Platinum Diarsenidcy PtAsg^®^ 

This compound is probably the cause of the poisoning by arsenic of 
platinum as a catalyst in the production of sulphur trixoide. It cannot be 
made by the action of arsine AsHg on chloroplatinic acid, or by the fusion 
of platinum with arsenic in the presence of sodium carbonate. The only 
way in which the diarsenide (the sole established compound of these two 

A. A. Grunberg and P. M. Filinov, OJ?. Aead. Sci, UM*SJS. 1937, 17, 23. 

Id., Btdl. Acad. Sci. UJRJSJ3. 1937, 907. 

L. Wohler, Z, anorg, Ohem, 1980, 824. 
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elements) can be made is by the fusion of the elements in a sealed tube. 
So much heat is evolved that the mixture explodes at 270 ° unless excess 
of arsenic is used; the excess after reaction is sublimed off in carbon 
dioxide at 500 - 600 °. 

Platinum diarsenide is a dull grey solid; it is scarcely attacked by hot 
concentrated nitric acid, and only slowly by aqua regia; hot concentrated 
sulphuric acid removes the arsenic, leaving the platinum. 

The X-ray powder diagram of the substance made in this way shows^®*^® 
that it has the pyrites structure. 

Platinum Trioxide, PtOg 

If a solution of platinic hydroxide Pt(OH)4 in twice normal potassium 
hydroxide is electrolysed at 0°, there separates in the anodic compartment 
a grey-green solid of the composition 3 PtOg, ; whether the alkali 

is adsorbed or combined is uncertain. If this is washed with dilute acetic 
acid, all the alkali is removed and a brownish-red product remains, of the 
composition of PtOg with a slight (about 10 per cent.) defect of oxygen. 
This is because the trioxide PtOg is extremely unstable; its suspension in 
water continuously evolves oxygen. The only dilute acid that affects it is 
hydrochloric, which at once gives off chlorine. The oxide also oxidizes 
sulphur dioxide, but not organic substances hke alcohol. It is remarkable 
that hydrogen peroxide does not reduce it with evolution of oxygen nor 
indeed affect it in any way. This seems to show that it does not contain 
a peroxide link; in fact its whole behaviour is that of a high-valency oxide 

/O 

like MnOg or PbOg, and it would seem as if it should be written 0=Pt^^. 

The potentials of the various oxides of platinum have been measured 
against the mercurous sulphate electrode by Grube^®^^ with the results: 

PtO Pt02,2H20 Pt02,4H20 PtOa 

0-9 104 1*06 1-5 volt. 

By measurements of the dissociation pressures of oxygen at 1,200° 
Schneider and Esch^®®® have got signs of the formation of PtOg above 
275 mm. and of Pt04 above 850 mm. 

Platinum Triselenide, PtSeg 

Though no trisulphide of platinum seems to have been made, Minozzi^®®® 
has prepared a triselenide by reducing a mixture of chloroplatinic acid and 
selenium dioxide in alkaline solution with formaldehyde. It forms a black 
precipitate of the composition PtScg, insoluble in carbon disulphide (so 
that it contains no free selenium), slowly soluble in aqua regia, but scarcely 
reacting with concentrated nitric or sulphuric acid. It is an unstable 

L. Thomassen, Z. phyaikal, Chem. 1929, B 4, 278. 

Wohler and F. Mcurtin, J5cr. 1909, 42, 3326. 

G. Grube, Z. Elektrochem. 1910,16, 621. 

A. Schneider and U. Esoh, ib. 1943, 49, 55. 

A. Minozzi, AUi E, 1909, [6] 18, ii. 150. 
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substance, which slowly loses selenium at 140°, but if heated to a dull red 
heat in a current of carbon dioxide is reduced to the diselenide PtSeg. 

CARBONYL COMPLEXES OF PLATINUM 

Platinum, like other metals of the group, can combine with carbon 
monoxide, even (like palladium) in the metallic state, though it is not 
possible even with platinum black to turn the whole of the metal into the 
carbonyl compound; it is, however, clear that the carbon monoxide forms 
a compound, since it cannot be driven out by other gases, and its absorp¬ 
tion is not prevented by previously treating the platinum with hydrogen. 
On heating, the carbon monoxide is suddenly liberated at 250°.^®®® In the 
combined state platinum takes up carbon monoxide even more readily; 
platinous chloride begins to absorb it at 120°^®®^; a series of carbonyl 
compounds have been prepared, in all of which the platinum is divalent. 

Schiitzenberger in 1868—70^®®^ showed that if carbon monoxide and 
chlorine are passed in succession or together over platinum sponge at 260° 
a fusible crystalline sublimate is formed, containing the three volatile 
compounds PtClgCO: PtCl 2 (CO) 2 : 2PtCl2, 3 CO: these can be separated 
by recrystallization from carbon tetrachloride, have different melting- 
points (194°, 142°, and 130° respectively), and are interconvertible. A non¬ 
volatile residue of uncertain nature was also formed.^®®® 

These results have been confirmed^®®^*^®®^ especially by Mylius and 
Foerster.^®®^ They showed that of these compounds the simplest, PtClgCO 
(the others seem much less stable, and in their reactions lose carbon 
monoxide and revert to the mono-carbonyl), behaves very like platinous 
chloride itself; it dissolves in hydrochloric acid to form a yellow solution 
from which the complex salts M[PtCl 3 CO] can be obtained, and which is 
evidently a solution of the free complex acid. 

The carbonyls are decomposed by water in a complicated way.^®®^ 

The other carbonyl compounds of platinous chloride also dissolve in 
hydrochloric acid, but only with the elimination of all their excess of 
carbon monoxide, giving a solution of the mono-carbonyl PtClgCO. 

The chlorine atoms in the monocarbonyl can be replaced by other groups, 
bromine, iodine, CNS, and sulphur. An orange-red bromide PtBr 2 CO, 
m. pt. 181-2°, and a red iodide, decomposing at 140-150°, are similar to 
the chloride in preparation and properties; they also can form complexes 
M[PtX 3 CO]. Of the three halides the chloride is the least fusible and the 
most stable to heat; the iodide is more fusible, less stable to heat, and less 
easily hydrolysed. In every respect the bromide is intermediate between 
the other two. 

E. Harbeck and G. Lunge, Z, anorg, Chem. 1897, 16, 60. 
i6«i w'. Manchot, Ber, 1925, 58, 2618. 

1862 p, Schiitzenberger, Ann. Chim, Phya. 1868, [4] 15, 100; ib., 1870, [4] 21, 360; 
C.R. 1870, 70, 1134, 1287; Soc, 1870, [2] 14, 97. 

1668 w. Pullinger, Ber. 1891, 24, 2291. 
i®®® F. Myliufl and F. Foerster, ib. 2426. 
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The corresponding thiocyanate can be got in the form of the complex 
salt K[Pt(CNS) 3 CO], formed from potassium thiocyanate and the chloride: 
it is easily soluble in alcohol, and decomposed by water. 

The sulphide PtSCO is formed as a blackish-brown precipitate when a 
solution of PtClgCO in hydrochloric acid (or of H[PtCl 3 CO]) is treated with 
hydrogen sulphide; it is insoluble, but is oxidized by nitric acid or aqua 
regia. 

A remarkable reaction of all these carbonyl compounds of divalent 
platinum is that with potassium cyanide they form K 2 Pt(CN) 4 , with 
quantitative evolution of carbon monoxide. It is probable that in this 
reaction the cyanide Pt(CN) 2 CO is an intermediate product, but it decom¬ 
poses before it can be isolated. 

Complex Carbonyl Salts 

Mylius and Foerster^®®^ have shown that PtCl 2 CO will combine with a 
variety of chlorides such as HCl, KCl, NH 4 CI, ZnClg to give complex salts 
which are often too soluble to be isolated, but whenever they can be 
analysed are of the type MfPtClgCO]: this is the unusual triacido-t 5 q)e of 
Cleve’s salt; it is common to find that one and only one CO will enter a 
complex, and in that case the triacido-form is the necessary result of 
the tetracovalency: what is less common in a carbonyl compound is that 
the E.A.N. of the platinum is only 84. A series of salts of organic bases 
(BH)[PtCl 3 CO], which are less soluble, have been prepaied. The amyl- 
amine salt is golden yellow; it is decomposed by water but can be recrystal¬ 
lized from hydrochloric acid; it is very easily soluble in ethyl acetate, less 
in ether, benzene, or chloroform, from the last of which solvents it can be 
recrystallized; it melts at 184®. The anilinium and pyridinium salts are 
similar, but less soluble; the quinolinium salt (m. pt. 166®) is still less 
soluble, but more stable. 

If these salts are treated with organic bases,one of the three chlorine 
atoms is replaced, giving, for example, [PtCyCOlpy]® (^a. pt. 127® with 
decomposition), and [PtCl 2 (CO)NH 3 ]®, which decomposes at 180®. 

All these salts have the characteristic reaction with potassium cyanide 
of forming the platinocyanide with quantitative evolution of carbon 
monoxide, which can be estimated in this way. 

NITROSYL COMPOUNDS OF PLATINUM 

It is stated^®®® that if a saturated solution of ammonium or potassium 
chloroplatinite is kept in an atmosphere of nitric oxide, the salt M[PtCl 8 NO] 
is formed in solution, and when this is treated with [Pt(NH 3 ) 4 ]Cl 2 the salt 
[Pt(NH 8 ) 4 ] • [PtClgNOJg is formed. The original M^PtClgNO] gives with 
pyridine the trans form of [PtCl 2 (NO)py]®; the cis was not obtained. 

The platinum in these compounds would have these values of the valency 
and the E.A.N.: M[PtCl8NO] 1, 85; [PtCl 2 (NO)py] 1, 85. 

1665 ^ Gelman eaid M. Bauman, C.B. Acad, Sci, U.B,S,S. 1938, 18, 645. 

A. Gelman and Z. P. Maximova, ib. 1939, 24, 748. 
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SUBJECT INDEX TO VOLUMES I AND II 

(Vol. I, pp. i-xxrii, 1-853; Vol. II, pp. 865-1628) 

With the letter transitional elemerUs the compounds have been grouped under the several valencies 
of the elementsf and these have been arranged in numerical and not in alphabetical order 


AB oompounds, structure and linkage, 109. 
Aoetylide, alkaline, 78; argentous, 113; 

aurous, 113; cuprous, 112. 

Acidity of alkaline-carbon oompounds, 79. 
Acids, half-strong, 19. 

Actinides (elements 89-96), 457. 

Actinides or uranides ?, 1092. 

Aotinium, 457. 

Active hydrogen, 15. 

Alabaster, 256. 

Alkali metals, 65. 

Alkali metals, 60, 61 {and see under caesium, 
lithium, potassium, sodium, rubidium). 
Alkaline acetylene derivatives, 78. 

Alkaline alkyls, 68, 71, 73; coloured, 73. 
Alkaline aryls, 68, 71, 73; coloured, 73. 
Alkaline carbonates, dissociation of, 101. 
Alkaline-carbon compounds, structures of, 
81. 

Alkaline complexes, 97; of diketones, 99; of 
ends, 99, 100; neutral, 99; of nitro- 
phenol, 100; of salicylaldehyde, 100. 
Alkaline derivatives of hydrocarbons, 67; of 
cyclopentadiene, 77, 83. 

Alkahne dioxides, 90. 

Alkaline earths, 242 {and see under barium, 
calcium, radium, strontiiun). 

Alkaline halides, 93; atomic distances, 95; 

crystalline forms, 93. 

Alkaline hydrides, 66. 

Alkaline ions, hydration and mobility, 97. 
Alkaline monoxides, 89. 

Alkaline nitrides, 84. 

Alkaline oxides, 89; M^O, 89; M,0„ 90; 

M,0„ 90; M, 04 , 90; structures, 91. 
Alkaline polysulphides, 92. 

Alkaline salts, 95; solubilities, 96. 

Alkaline selenides, 92. 

Alkaline solutions in emimonia, 88. 

Alkaline sulphides, 92. 

Alkaline teUurides, 92. 

Alkaline tetroxides, 90. 

Alkaline trioxides, 90. 

Alkyl sulphates, 916. 

Alumina, 419; as catalyst, 419. 

Aluminates, 420; of potassium and sodium, 
421. 

Aluminic esters, 421; polymerization, 422; 

as reducing agents, 422. 

Aluminium, 412; metal, 412. 

Aluminium acetate, 427. 

Aluminium acetonylacetonate, 433. 
Aluminium alkyl-dihalides, 421. 

Aluminium ammines, triaiyl, trihalide, 430. 
Aluminium /^-diketonatee, 433. 

Aluminium benzylate, 421. 

Aluminium boride, 363. 

Aluminium borohydride, 365. 


Aluminium carbide, 413; carbonitride 
AlgC,N, 419. 

Aluminium chlorate, 428. 

Aluminium chloride, 424; Friedel-crafts re¬ 
action, 436; its mechanism, 437. 

Aluminium complexes, 429; with acetylenes, 
429; with alkyls, as M[AlAlk 4 ], 429; 
with alcohols, 431; with benzene, 429; 
with carbon monoxide, 430; with cate¬ 
chol, 434; with nitriles, 431; with 
hydroxyquinoline, 435. 

Aluminium complex halides, 435; dipole 
moments, 433; bromides, 436; cldor- 
ides, 436; fluorides, 435; iodides, 436. 

Aluminium complexes with oxygen, 431; 
oxalato-, 434; trioxalato- (resolved), 
434; oxygen complexes of halides, 432; 
of trialkyls, 432. 

Aluminium complex sulphides, 435. 

Aluminium compounds, polymerization of, 
416. 

Aluminium dialkyl-ammines, 416. 

Aluminium dialkyl-halides, 417, 418. 

Aluminium ethylate, 421. 

Aluminium hydride, 413. 

Aluminium hydroxide, 420. 

Aluminium iodide, 426. 

Aluminium ion, hexahydrated, 431. 

Aluminium methylate, 421. 

Aluminium monoxide (spectroscopic), 419. 

Aluminium nitrate, 427. 

Aluminium nitride, 418; lattice (wurtzite), 
418. 

Aluminium oxide (corundum), 419. 

Aluminium oxy-acid salts, 426. 

Aluminium oxy-halides, 426. 

Aluminium perchlorate, 428. 

Aluminium periodate, 428. 

Aluminium phosphide AlP, 419. 

Aluminium subduoride AIF, 423. 

Aluminium sulphate, 427. 

Aluminium trialkyls, 414; association, 414, 
416; dipole moments, 414. 

Aluminium trialkyl hydrides AlfK,H«, 416. 

Aluminium triethyl, 414. 

Aluminium trifluoride, 424. 

Aluminium trihab’des, 423; linkam in 
vapour, liquid, and solid, 423, 426. 

Aluminium tri^thyl, 414. 

Aluminium triphenyl, 416. 

Aluminium tripropyl, 414. 

Alums, 427; structure, 427; effect of alkali 
metal, 428. 

Amalgams, 286, 289. 

Americium, preparation, 1091; chemistry, 
1096; hidides, oxides, 1095. 

Amides, dikaline, 86; metallic, 662; organio, 
665; resonance in, 665. 
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Amine-oxides, 679; high dipole momenta, 
680. 

Amines, basicity, 664; co-ordinating power, 
664; di-trifluoromethyl-, (CF,)nNH, 
666 . 

Aminium salts, [Ar,N]X, 721. 

Ammonia, 668 ; Haber process for making, 
668 ; properties, structure, 659; dis¬ 
sociation in water, and water com¬ 
pound, 669; as a solvent, 669; dissocia¬ 
tion of salts in, 669. 

Ammonias, alkaline, 87. 

Ammonium chloride, 661; fluoride, 661; 
halides, 660. 

Ammonium hydroxide, structure of, 23, 
660; alkyl-hydroxides, dissociation of, 
660. 

Ammonium nitrate, polymorphism of, 662. 

Ammonium salts, 660; effect of extreme 
dryness, 661, 

Anhydrite, 266. 

Antimonates M[Sb(OH),], 788; pyro- (po¬ 
tassium), 788; antimonic acid HsSb 04 , 
788. 

Antimonic hexcu:hloro-acid HShCl®, 800; 
salts, as [Cl],Fe[SbCl«], 800. 

Antimonious ato-complexes, cus oxalato-, 
799. 

Antimonious esters, 786; ion Sb'^'*"*’, 796. 

Antimonites, 786. 

Antimony {and see Stibines), element, 769; 
explosive antimony, 769. 

Antimony acetjdacetonate, 802. 

Antimony alkyls and aryls, 772. 

Antimony cacodyl, 778. 

Antimony catechol derivatives, 800. 

Antimony complexes, 798; with aromatic 
hydrocarbons, 798. 

Antimony, pentavalent, complexes, 799. 

Antimony complexes: of trihalides, 798; of 
tetrcdialides, as M,fSbCl*], and their 
structure, 802, 803; hexabromo-, hexa- 
chloro-, hexeifluoro-salts, 800. 

Antimony nitrate, 786. 

Antimony pentasulphide, 790. 

Antimony pentoxicie, 788. 

Antimony sulphate, 786. 

Antimony ‘tetroxide* 8 b 40 g, 789. 

Antimony tribromide, 794. 

Antimony trichloride, 792. 

Antimony trifluoride, 793. 

Antimony tri-iodide, 793. 

Antimony trioxide, 786. 

Antimony trisulphide, 790. 

Antimonyl bromide SbOBr, chloride, 796. 

Antimonyl carbonate [SbOJaCO,, 796. 

Antimonyl compounds SbOX: fluoride, 
iodide, nitrate, nitrite, perchlorate, 796. 

Aragonite, 263. 

Argentic and argentous compounds {and see 
under Silver). 

Argentic-argentous equilibrium, 107. 

Argentic compounds, 174; complexes, 176; 
dipwdyl complexes, 176; fluoride 
Agl i',, 176; ions in solution, 176; oxide 
AgO, 174; paramagnetism, 176. 

Argentous acetate, 126; complex, 141. 


Argentous acetylide, 113. 

Argentous €md alkaline salts compared, 108. 
Argentous alkyls, 114. 

Argentous amxnines, 137. 

Argentous arsine complexes, 140. 

Argentous bromide, 122. 

Argentous carbonate, complex, 146. 
Argentous carbon monoxide complexes, 132. 
Argentous chlorate, 128. 

Argentous chloride, 122. 

Ai^ntous chlorite, 128. 

Argentous complexes, 129, 176. 

Argentous co-ordination numbers, 148. 
Argentous cyanide, 116; complexes, 133; 

ion Ag(CN)| linear, 134. 

Argentous ethylene complexes, 130, 131. 
Argentous fluoride AgF, 122. 

Argentous halides, 121; complex, 147. 
Argentous hydride, 112. 

Argentous h 3 rponitrite, 127. 

Argentous iodide, 123. 

Argentous isonitrile complexes, 136. 
Argentous nitrate, 127. 

Argentous nitride, 117. 

Argentous nitrile complexes, 136. 

Argentous nitrite, 127; nitro-complexes, 
138. 

Argentous oxalate, 126. 

Argentous oxide Ag^O, 118. 

Argentous oxy-acid salts, 126; colour and 
atomic distances, 126. 

Argentous perchlorate, 128, 1233. 
Argentous periodate, 128. 

Argentous permanganate, 129. 

Argentous perrhenate, 129. 

Argentous phenyl, 114, 

Argentous phosphorus complexes, 139, 140. 
Argentous pyrone complexes, 141. 
Argentous subfluoride AgjF, 121. 

Argentous sulphate, 128. 

Argentous sulphide, 119. 

Argentous sulphite, 128; complexes, 146. 
Argentous thioacetamide complexes, 142. 
Argentous thioether complexes, 142. 
Argentous thiosulphate, 128; complexes, 146. 
Argentous thiourea complexes, 143. 

Argon, 1, 8 , 9, 10. 

Argyrodite, 604. 

Ai^nates, 788. 

Arsenic, 768; inert pair in, 798, 

Arsenic acid, 787. 

Arsenic alkyls and aryls, 761. 

Arsenic, Antimony, Bismuth: general, 768; 
oxides, 784. 

Arsenic-arsenic compounds, As-As: diar¬ 
sines, 770; diaryl arseno-compounds 
Ar*A 8 =As-Ar, 771; tetraphenyl di¬ 
arsine OsAs-AsOg, 770. 

Arsenic catechol derivatives, 798, 800. 
Arsenic hexafluorides M[AsF 4 ], 799. 

Arsenic oxides R-As=0, 766; phenyl-, 766. 
Arsenic oxides, pentavalent B^As=0, 765. 
Arsenic pentafluoride, 792. 

Arsenic pentoxide, 787. 

Arsenic, pentavalent compounds, 799. 
Arsenic sulphides AS 4 S 4 (realgar), 789; AstS^ 
(orpiment), 789; As 4 S|o» 790. 
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Arsenic tetroxide, 789. 

Arsenic tribromide, trichloride, trifluoride, 
tri-iodide, 792; complexes, as M[A 8 Cl 4 ], 
798. 

Arsenic t ioxide, 784. 

Arsenious acid, 784; esters, 785; tautomer- 
ism, 785. 

Arsenite ion, 785. 

Arsenobenzene, 771; association, 771. 

Arsenomethane (CHj-As)^, 772. 

Arsinates, dimethyl-, 788. 

Arsine AsHg, 760. 

Arsine dimethyl chloride MejAsCl, 768; tri¬ 
chloride MejAsClg, 785. 

Arsine, diphenyl chloro- (Blue cross), 769. 

Arsine, methyl, 762. 

Arsine, methyl-dichloride Me • AsClj, 768,769. 

Arsine, oxy-compounds, 764. 

Arsine sulphides R-As=S, 765. 

Arsine, triphenyl, 763. 

Arsines, alkyl, 762; alkyl-dichlorides, 768; 
difluorides, 768; alkyl-tetrahalides, 769. 

Arsines, dialkyl, 762, 768; dihalogen 

R AsXjs, 767, 

Arsines, halogen derivatives, 767. 

Arsines, trialkyl, 762; trialkyl complexes, 
797; (RaAsjjPdCla, 797. 

Arsinic acids, dialkyl-, 767. 

Arsonic acids R-A 80 ( 0 H) 2 , 766; dimethyl- 
Me 2 AsO(OH) (cacodylic), 785; phenyl, 
767; pyro-, 766. 

Arsonium bases [R^AsJOH, 764; salts, 763, 
764. 

Astatine (No. 85), 1260; preparation and 
properties, 1261. 

Astracanite, 240. 

Atacamite, 173. 

Atomic bombs, production of, 1089; critical 
sizes, 1088. 

Atomic fission, 1087. 

Atomic structures, xvi; table of, xxiv. 

Aurates M[Au(OH) 4 ], 179. 

Auric, aurous {and see under Gold). 

Auric acetates, complex, 190. 

Auric acid, H[Au(OH) 4 ], 189. 

Auric alkyls, 181. 

Auric ammines, 188. 

Auric aryls, 116, 181, 187. 

Auric-aurous equilibrium, 108. 

Auric bromide, 180; complexes, 190. 

Auric chloride, 180; complexes, 190. 

Auric compounds always 4-covalent, 177. 

Auric cyanide, 180; complexes, 188. 

Auric dialkyl: ammines, 185; bromides, 
chlorides, 182; cyanides, 182, 183, 184; 
oxalates, 185; oxalato-complexes, 192; 
sulphates, 184; sulphato-complexes, 
192; tliioether complexes, 186. 

Auric m complexes, 186. 

Auric glyoxime complexes, 189. 

Auric halides, 180; complexes, 190. 

Auric hydroxide, 179; complexes, as auric 
acid, 189. 

Auric iznide-salts, 179, 188. 

Auric iodide, 180. 

Auric mixed complexes, 191; mixed oxa- 

, lato-, 192; mixed siilphato-, 192. 


Auric nitrato-complexes, 189. 

Auric nitrosyl-chloride [NO]*[AuCl 4 ], 191. 
Auric oxides, ? AuO, 178; Au^O,, 179. 
Auric oxygen complexes, 189. 

Auric phosphorus complexes, 189. 

Auric sulphate, ? AUSO 4 , 178- 

Auric sulphides, ? AuS, 178; AugSj, 179. 

I Auric tetrammines, 188. 

Auric thiocyanate complexes, 190. 

Auric thioether complexes, 190. 

Auric triethyl, 182. 

Auric trimethyl, 181, 182. 

Aurous acetylide, 113. 

Aurous ammines, 137. 

Aurous aryls, 115. 

Aurous bromide, 124. 

Aurous carbon monoxide complexes, 132. 
Aurous chloride, 124; chloro-ammines, 138. 
Aurous complexes, 129. 

Aurous co-ordination numbers, 148. 

Aurous cyanide, 116; complexes, 134. 
Aurous fluoride, 124. 

Aurous halides, 124; complexes, 147. 
Aurous hydride, 112. 

Aurous iodide, 124. 

Aurous nitride, 117. 

Aurous oxide, 118. 

Aurous phosphine complexes, 140. 

Aurous polysulphides M[AuS 3 ], 144. 

Aurous sulphide, 119, 129. 

Aurous sulphito-complexes, 145. 

Aurous thioacetamide complexes, 142. 
Aurous thioether complexes, 142. 

Aurous thiosulphate complexes, 146. 

Aurous thiourea complexes, 143. 

Azides {and see under Hydrazoicacid), 715; 
metallic, 716; covalent, structure of, 
717; organic, resonance of, 717; heat 
of formation, 717. 

Azide of chlorine Cl-Nj, 718; of fluorine 
F.N 3 , 718. 

Azide esters, 716. 

Azide ions, structure of, 716. 

Azo-aryls, 712. 

Azobenzene, cis 712. 

Azo-compounds, 711. 

Azomethane, 711. 

Azotrifluoro-methane FjC • N=:N • CF3, 711. 
Azurite, 154. 

Back -CO -ordination in Gp. IV B halides, 606. 
Baeyer’s strain theory, 497. 

Barium acetate, 254. 

Barium acetylacetonate, 260. 

Barium acid oxalate, 255. 

Barium alkyl-halides R • Ba[X], 246. 

Barium alkyls and aryls, 246. 

Barium boride, 368. 

Barium bromate, 258. 

Barium bromide, 253. 

Barium carbonate, 254. 

Barium chlorate, 258. 

Barium chloride, 252. 

Barium complexes, 259. 

Bariuip complex halides, 260, 261. 

Barium complexes with nitrogen, 259. 
Barium complexes with oxygen, 269. 
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Barium cyanide, 246. 

Barium, element, 243. 

Barium fluoride, 251. 

Barium formate, 254. 

Barium hydride, 254. 

Barium hydrosulphide, 250. 

Barium hydroxide, 248. 

Barium iodate, 259. 

Barium iodide, 253. 

Barium metal, 244. 

Barium nitrate, 256. 

Barium nitride, 247. 

Barium nitrite, 255. 

Barium oxalate, 255. 

Barium oxide, 248. 

Barium perchlorate, 258. 

Barium peroxide, 249. 

Barium poiysulphido, 251. 

Barium subfluoride, 251. 

Barium subhydride, 245. 

Barium sulphate, 257. 

Barium sulphide, 250. 

Barium sulphite, 256. 

Barium trisulphide, structure, 890. 

Bases, very weak, perchlorates of, 1235. 
dike tone compounds of Gp. IV elements, 
615; of germanium lead and tin, 614; 
of silicon, 613. 

Benzene, deutoratioii of, 54; mechanism of 
siilphonation, 923. 

Benzotrilluorido, 1128. 

Berlin blue, 1339. 

Beryllatod ions, 197, 202, 210, 211. 
Beryllates, 198, 202. 

Beryllium, 197; atomic weight, 198; dia¬ 
gonal relations, 193, 195; transmission 
of radiation by, 198. 

Beryllium acetate, 206. 

Beryllium acotylacetonate, 212. 

Berylliiun acetylide, 199. 

Beryllium alkyls emd aryls, 200. 

Beryllium alkyl-halides, 200. 

Beryllium alloys, 199. 

Beryllium amminos, 208; ammines-b ace¬ 
tone, etc., 209. 

Beryllium azide, 201, 

Beryllium basic acetate, 214. 

Beryllium basic carboxylates, 213, 216. 
Beryllium basic formate, 214. 

Beryllium benzoyl-pyruvic complex (re¬ 
solved), 213. 

Beryllium borohydride, 366. 

Beryllium bromide, 204. 

Beryllium carbide, 198. 

Beryllium carbonate, 205. 

Beryllium catechol complexes, 215. 
Beryllium chlorate, 207. 

Beryllium chloride, 203. 

. Beryllium complexes, 208; chelate, 209, 212. 
Beryllium complex halides, 217. 

Beryllium cyanide, 200. 

Beryllium dibutyl, diethyl, dimethyl, 200. 
Beryllium diphenyl, ditolyl, 200. 

Beryllium ethoxide, 206. 

Beryllium fluoride, 202; complex fluoro- 
beryllates, 217. 

Beryllium formate, 206. 


Beryllium halides, 202; complex halides, 

202 . 

Beryllium hydroxide, 201. 

Beryllium iodide, 205. 

Beryllium ion, 197, 210. 

Beryllium malonato-complexes, 217. 
Beryllium metal, 198. 

Beryllium nitrate, 206. 

Beryllium nitride, 201. 

Beryllium nitrile complexes, 210. 

Beryllium oxalato-comi^lexes, 216. 
Beryllium oxide, 201. 

Beryllium-oxygen complexes, 210, 211. 
Beryllium-oxygen link, 201. 

Beryllium perchlorate, 207. 

Beryllium prussic acid complexes, 210. 
Beryllium salts, conductivity of, 203, 216. 
Beryllium selenate, 207. 

Beryllium selenide, 202. 

Beryllium sulphate, 207; complexes, 217. 
Beryllium sulphide, 202. 

Beryllium sulphite, 207. 

Beryllium telluride, 202. 

Berzelius: ‘isomerism’, 602. 

Binary halides; see under Halides, binary, 
1170. 

Birkland-Eyde process for combined nitro¬ 
gen, 658. 

Bismuth alkyls and aryls, 779. 

Bismuth alkyl-halides, aryl-halides, 781. 
Bismuth ammines, as RgN-BiClj, 799. 
Bismuth ato-complexes, 799. 

Bismuth catechol complexes, 799. 

Bismuth dialkyl halides, 781. 

Bismuth diphenyl sodium OgBi^Na, 782. 
Bismuth, divalent ?, 803. 

Bismuth, elementary, 760. 

Bismuth hydroxide Bi(OH) 3 , 787, 795. 
Bismuth mothyl-oxide GHj-BiO, 781. 
Bismuth nitrate, 795; double nitrates, 796. 
JJismuth, pentavalent, organic compounds 
of, 782. 

Bismuth pentoxide, 789. 

Bismuth perchlorate, 795. 

Bismuth sulphate, 795. 

Bismuth tribromide, 795. 

Bismuth trichloride, 794. 

Bismuth tri-ethyl, 780. 

Bismuth trifluoride, 794. 

Bismuth tri-iodide, 795. 

Bismuth trimethyl, 780. 

Bismuth trioxide, 787. 

Bismuth triphenyl, 781. 

Bismuth triphenyl dihalides <J> 3 BiX,, 782. 
Bismuth triphenyl hydroxicyanide 
a>aBi(OH)CN, 783. 

Bismuth triphenyl hydroxide, 782. 

Bismuth trisulphide BiaSg, 791. 

Bismuth, trivalent, complexes, 799. 
Bismuthine BiH,, 761. 

Bismuthines, trialkyl, 780. 

Bismuthinitrites M 3 [Bi(NO,) 3 ], 799. 

Biuret reaction, 166. 

Black precipitate, 295. 

Bleaching powder, 1217. 

Blende, 263, 270. 

Blowpipe, atomic, 16. 
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Blue oros8» 769. 

Bohr theory, xvi, 646. 

Bombs, atomic, production of, 1089; critical 
size, 1088. 

Borane amines, as (NH 4 )[H 8 B-NHg-BH,], 
363. 

Borane ammines, 351. 

Borane ammonium salts, 353. 

Boranes B*Hy, 336, 338; BjHg, 342; 

BfiHj, 344; B^Hj structure, 345; B^H^, 
BeHio, BeHi8, 435; 346. 

Boranes, allcaJine salts, of BaHg, B 4 H 10 , 
BjHg, 348. 

Boranes, alkyl, 349; physical properties, 
360, 341; chemical, 350. 

Boranes, alkyl-oxides, 361. 

Boranes, ammonia products: with B 2 H 4 , 
353; with BgHa + NDg, 354; with B^Hjo, 
BjHu, and B 10 H 14 , 366; behaviour with 
hydrogen chloride, 356. 

Boranes, ether complexes, 361. 

Boranes, halogen derivatives, 363. 

Boranes, non-volatile, 347. 

Boranes, number of electrons per link, 341. 

Boranes, oxygen derivatives, 360. 

Boranes, preparation, 342. 

Boranes, volatile, structures, 339, 341, 347; 
Bell, Longuett-Higgins theory, 339. 

Borates, metallic: alkaline, 384; meta, as 
ScBOa, 384; crystal structure, 384. 

Borax, 384. 

Boric acid, fluoro-, 385; difluoro-, 385; tri- 
fluoro-, 386. 

Boric acid meta, 383; ortho, 382; pyro, 383; 
weakness of, 383. 

Boric acid and poly-alcohols, theory and 
stereochemistry of the reaction, 388. 

Boric acid, trifluoro-alkyloxy-, 386. 

Boric acids, alkyl and aryl, differences be¬ 
tween, 375; strength, 376. 

Boric acids, dialkyl and diaryl, 372; diethyl, 
373; diphenyl, 373, 

Boric acids, isobutyl, methyl, phenyl, pro¬ 
pyl, 374. 

Boric acids, monoalkyl and monoaryl, 373. 

Boric anhydride BjOj, 382. 

Boric anhydride, alkyl and aryl, 376; di¬ 
alkyl, dibutyl, 373; alkyl, ammines of, 
403; methyl, 377; crystal structure, 
377; trimeric, 403. 

Boric esters, ethyl, methyl, propyl, butyl, 
387. 

Boric esters, structures, 387; action of water 
on, 371. 

Borides, metallic, 337, 367, 368. 

Boroarsenic anhydride, 390. 

Borochlorides, acyl, as CH, • CO[BCl 4 ], 411. 

Borofluorides, oxonium, 867. 

Borohydrides, 365; of aluminium and gal¬ 
lium, 365; of beryllium and lithium, 
366; structure, 367. 

Boron, 336; affinities, 336; atomic radius, 
337; distribution, 337. 

Boron acetylacetonate, 407. 

Boron, alcohol complexes, 404. 

Boron alizarine complex, 407. 

Boron alkyl-halides, 377; 378. 


Boron alloys, 337. 

Boron, elementary, amorphous: aluminium- 
boron, 337; crystalline, 338. 

Boron, heats of linkage, 336. 

Boron amide, 381. 

Boron amides, alkyl and phenyl, 381. 

Boron ammines, 399, 400, 401. 

Boron aryl-halides, 377. 

Boron, benzoylacetone complex, 407. 

Boron, )3-diketone complexes, 408. 

Boron catechol complexes, 408. 

Boron chloride-esters, 397. 

Boron complexes, 398; with carbon, 399; 
tetra-alkyl-, 399; with nitrogen, 399; 
strength of co-ordination to nitrogen, 
400; with oxygen (chelate), 407. 

Boron, complex fluorides M[BF 4 ], 409 ; com¬ 
plex halides, 409. 

Boron, compound BjNHy or HjB-NHj-BH,, 
356. 

Boron dialkyl alkyloxides, 371. 

Boron dimethyl fluoride, 377, 378. 

Boron diphenyl chloride, 377. 

Boron fluoride-esters, 397. 

Boron halide-esters, 396; mixed halide deri- 
vativ^os, 396. 

Boron hydrogen sulphide HjBgS^, 391. 

Boron imide B 2 (NH) 5 , 380. 

Boron methyl difluoride, 377, 378. 

Boron monoxide, 382. 

Boron nitride, 380; graphitic lattice, 380. 

Boron, salicylic complexes, 408. 

Boron subchloride, 395. 

Boron sulphide BgS^, 390. 

Boron triacetate, 390. 

Boron trialkyls, 369; ammines and their 
stability, 400. 

Boron trialkyls and triaryls: reactions with 
alkali metals, 372; bromine, 372; hy¬ 
drogen halides, 371 ; oxidizing agents, 
370; peroxides, 371; water, 369. 

Boron triaryls: sodium addition products, 
378; comparison with triaryl methyl, 
379. 

Boron: triborine triamine BaN^Ha, 357; 
structure as ‘inorganic’ benzene, 358; 
methyl derivatives, 359. 

Boron tribromide, 395; ammines, 402. 

I Boron tributyl, 369. 

Boron trichloride, 394; ammines, 402, 

Boron triethyl, 369. 

Boron trifluoride, 392; as organic catalyst, 
393. 

Boron trilialides, 394; ammines, 401; com¬ 
plexes with aldehydes, 406; arsines, 
404; esters, 406; ethers, 405; ketones, 
406; nitriles, 403; phosphine, 403; 
prussic acid, 403. 

Boron tri-iodide, 396. 

Boron trimethyl, 369. ^ 

Boron trioxide, 382. 

Boron triphenyl, 369. 

Borophosphoric anhydride, 390. 

Borotungstates, 385. 

Boryl mono-acetate, 390. 

Brochantite, 173, 

Bromic acid, 1227; bromates, 1227. 
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Bromide of hydrogen, 8ee under Hydrogen 
bromide, 1164. 

Bromine chloride, 1149. 

Bromine, elementary, 1140; atomic, 1142; 
hydrolysis of, 1143; liquid and solid, 
1141; production from sea-water, 1141; 
bromine and water, 1142. 

Bromine fluoride, 1149. 

Bromine oxides, 1208; Br^O, 1208; Br 02 , 
1208; BrjOg, 1209. 

Bromostannates, 616. 

Bromous acid HBrOg, 1226. 

Bromous acid, hypo- HBrO, 1219; forma¬ 
tion in water, 1219; formation from 
some C~Br compounds, 1222 ; compari¬ 
son with HCIO, 1220; esters, 1221. 

Cacodyl compounds, 762, 764, 770. 

Cacodyl Me^As-AsMea, 770. 

Cacodyl oxides, 764; peroxides 
R2 As~0~0~AsR2» 770. 

Cacodylic acid Me 2 A 80 (OH). 767, 786. 
Cacodylic chloride MejAsCls, 786. 

Cadet’s fuming liquid, 762. 

Cadmiates, 270. 

Cadmium, 263; abimdance, 263; metal, 264. 
Cadmium acetate, 276. 

Cadmium acetylacetonate, 283. 

Cadmium acetylide, 264. 

Cadmium alkyls, 267; aryls, 268. 

Cadmium amide, 269. 

Cadmium ammines, 279; organic, 280. 
Cadmium arsine complexes, 280. 

Cadmium bromate, 277. 

Cadmium bromide, 273. 

Cadmium carbonate, 276. 

Cadmium chlorate, 277. 

Cadmium chloride, 273; auto-complexes, 
274. 

Cadmium complexes, 279. 

Cadmium cyanide, 268; complexes, 279. 
Cadmium dimethyl, diethyl, dipropyl, di-n- 
butyl, di-isobutyl, di-isoamyl, diphenyl, 
267. 

Cadmium fluoride, 271. 

Cadmium halides, 271; auto-complex, 274; 

complex, 284, 285. 

Cadmium iodate, 277. 

Cadmium iodide, 273. 

Cadmiiun ions, alcoholated, 282. 

Cadmium nitrate, 276. 

Cadmium nitride, 268. 

Cadmium nitrile complexes, 281. 

Cadmium nitrite, 276. 

Cadmium nitro-complexes, 281. 

Cadmium oxalate, 276; double oxalates, 
282. 

Cadmium oxide, 269. 

Cadmium perchlorate, 277. 

Cadmium peroxide, 270. 

Cadmium phosphine complexes, 280. 
Cadmium salts, hydration of, 271. 

Cadmium selenide, 271. 

Cadmimn sulphate, 276. 

Cadmium sulphide, 271; complexes, 284. 
Cadmium sulphite, 276. 

Cadmium telluride, 271. 


Caesium germanochloride, 618. 

Caesium germane-iodide C 8 [Gel 3 ], 618. 
Caesium persulphate, crystal structure of,939. 
Caesium sulphide, 92. 

Calamine, 263. 

Calcides, calcogens, 262. 

Calcite, 253. 

Calcium, 243; metal, 244. 

Calcium acetate, 254. 

Calcium acetylacetonate, 260. 

Calcium alkyls, alkyl-halides, aryls, 246. 
Calcium boride, 368. 

Calcium bromate, 258. 

Calcium bromide, 263. 

Calcium carbide, 246. 

Calcium carbonate, 253. 

Calcium chlorate, 257. 

Calcium chloride, 252. 

Calcium complex halides, 260. 

Calcium complexes 259; with nitrogen, 269; 

with oxygen, 259; of keto-esters, 260. 
Calcium cyanamide, 246. 

Calcimn fluoride, 251. 

Calcium formate, 264. 

Calcium hydride, 245. 

Calcium hydroxide, 248. 

Calcium hydroxy-acid salts, 260. 

Calcium hypochlorite, 257. 

Calcium iodate, 259. 

Calcium iodide, 253. 

Calcium metaborate, 384. 

Calcium m'trate, 255. 

Calcium mtride, 247. 

Calcium nitrite, 255. 

Calcium oxalate, 266. 

Calcium oxide, 247. 

Calcium perchlorate, 268. 

Calcium peroxide, 249. 

Calcium subfluoride, 251. 

Calcium subhydride, 245. 

Calciiim sulphate, 256. 

Calcium sulphide, 250. 

Calcium sulphite, 256. 

Calomel Hg^Clg, 293. 

CARBON and its Compounds, 490. 

Carbon, elementary, 490; peculiarities, 
490; inertness of, 490; isotopes, 491. 
Amorphous, 494. 

Diamond, structure, 491. 

Diamond, supposed artificial, 492, 
Diamond and graphite, relative stability, 
493. 

Graphite, structure, 492; heat of atomiza¬ 
tion, 493; compounds with alkali metals, 
494; oxygen, 494; fluorine and bro¬ 
mine, 496; other addition compounds, 
495. 

Graphitic acid, 494. 

Acetaldehyde, 623; distances in 623. 
Acetic acid, 525. 

Acetone, distances in, 624. 

Acetylenes, 608. 

Acetylene, 608; acidity of, 608. 
Acetylides, metallic, 619. 

Alcohols, 523. 

Aldehydes, 523. 
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Carbon Compounds {cont.) 

Alkyl benzenes, 504, 

Alkyls and aryls, metallic, 519. 

Alkyls, free, 530; formation from alkyl 
iodide and sodium vapour, and rate of 
this reaction, 531. 

Aliphatic compounds, 496. 

Aromatic compounds, 496, 508; co¬ 
ordination of, 528; plane structure and 
rigidity, 510. 

Aromatic substitution and dipole moments, 
516; and electronic distribution, 617. 

Aryl compounds, dipole moments, 516. 

Benzene, distances in, 510. 

Benzene, hexamethyl, 510; rigidity of 
alkyls in, 510. 

Benzene, 6 -fold sjunmetry of, 510. 

‘Block’ theory of optical activity, oOO. 

Carbides, binary, 519; cov^alent and inter¬ 
stitial, 520; structures, 519. 

Carbon boride, 368. 

Carbon bromides, chlorides, iodides, 1174. 

Carbon chains, 497. 

Carbon, co-ordination compounds of, 527 ; 
with alkaline periodides, 1197; alumi¬ 
nium halides, 426; antimony tri¬ 
chloride, 798; hexaphenyl digermane, 
574; iodine, 1145; nickel cyanide am- 
mine, 1434; organic nitro-compounds, 
697; silver perchlorate, 529 n., 1234; 
sxilphur, 883. See also under Carbon 
monoxide and Ethylene. 

Carbon dioxide, 522. 

Carbon diselenide, 979. 

Carbon disulphide, 888 . 

Carbon fluorides, 1116. 

Carbon hexafluoride C 2 Ffl, 1128. 

Carbon-hydrogen bonds (hydrogen bonds), 
31; repulsion of, 497, 499; heat of forma¬ 
tion, xxxii. 

Carbon monoxide, 545; structure, 546; 
co-ordination compounds of, 528; cup- 
10 U 8 , 130; palladium, 1577; platinum, 
1627. 

Carbon monosulphide CS, 889. 

Carbon oxyselenide, 979. 

Carbon oxysulphide, 889. 

Carbon, penta , dioxide CgOg, 522. 

Carbon selenide, 953. 

Carbon suboxide C 3 O 2 , 522. 

Carbon sulphoselenide, 979. 

Carbon sulphotelluride, 985. 

Carbon tetrafluoride, 1128. 

Carbonic acid, acidity, 526. 

Carbonyl ammines, 549. 

Carbonyl compounds, mono-, 549. 

Carbonyl halides, 548. 

Carbonyl hydrides, 549. 

Carbonyls and inert-gas number, 548. 

Carbonyls, argentous, cuprous, mercuric, 
650. 

Carbonyls, metallic, 647-50. 

Carbonyls, structure, 647. 

Carborundum CSi, 556. 

Carboxyl group, resonance in, 625. 

Carboxylic acids, 524; dimerization, 524; 
acidity of, 625; and substitution, 626. 


Carboxylic anhydrides, ring-strain and 
rate of hydrolysis, 527. 

Carboxylic esters, 627; their alkyl oxygen 
remains on saponification, 527. 

Car by 1 sulphate, 903. 

Carbylamines, see Isocyanides. 

Catechols, chromic compoimds, 1021. 

Cyclohexanes, alkyl, 498. 

Cyclo-octatetrene, 511. 

Cyclopropane, 498; energy content, 498. 

Diphenyl derivatives and ‘block’ theory, 
600. 

Diphenyl-vinyl in free radicals, 637. 

Diradicals, 532; aromatic, 532. 

Divalent carbon compounds, 545-50. 

Durone, 510. 

‘Ethane ’ barrier to rotation, 501; favours 
staggering, 502. 

Ethane hydrate, 605. 

Ethyl, free radical, 531. 

Ethylene, 505. 

Ethylenic (C—C) compounds, 606; cis- 
trans relations, 606; cis-trans conver¬ 
sion, heat of, 506; mechanism of, 606; 
co-ordination, 528; with aluminium 
chloride, 429; with cuprous compounds, 
130; with palladium, 1560; with plati¬ 
num, 1585; with silver, 130; halogena- 
tion, 508; hydrogenation, 507. 

Formic acid, structure and distances, 
524. 

Free alkyl radicals, 530; with diphenyl- 
vinyl, 637; with pentaphenyl cyclo- 
pentadienyl, 537. 

Free and restricted rotation, 499. 

Heptanes, energies of, 504. 

Heterocyclic rings, size and rate of forma¬ 
tion, 499. 

Hexa-aryl ethanes, extent of dissociation, 
633; effect of aryl on, 634, 637. 

Hexa-aryl ethanes, heat of dissociation, 
640; rate of dissociation, 640; weakening 
of C-C link, 640, 641, 542. 

Hexaphenyl ethane, 532; dissociation, 
533; causes of dissociation, 633, 638; 
heat of dissociation, 633. 

Hydrindene, 512. 

Hydrocarbons, aromatic, 609; crystal 
structures of, 510; Mills-Nixon effect in, 
511; resonance in, 609. 

Hydrocarbons, 5-ring, 611. 

Hydrocarbons, unsaturated, 506. 

Interstitial carbides, 620. 

Isocyanides, structure, 646. 

Isonitriles, structure, 546. 

Ketones, 623. 

Large rings, strain in, 498. 

Metaldehyde, 624. 

Methane hydrate, 606. 

Methyl, free, 530. 

Methylene, free, 632. 

Mills-Nixon effect, 611. 

Mills’s ‘block’ theory, 600. 

Multiple carbon links, lengths and 
strengths, 606. 

Multiple links, wave-mechanical theory 
of, 606. 
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Nitric oxide, combination with free radi¬ 
cals, 639. 

Octanes, energies of, 604. 

Olefines, boiling-points, 605. 

Organic reactions, 613; heats of, 513, 514, 
modern theories of, 515; rates of, 515. 

Oxalic acid, structure and distances, 526. 

Paraffins, boiling- and melting-points, 
502; heats of formation (Itossini), 503; 
specific conductivity, 503; structures 
and energies, 504; volatilities, 503. 

Paraffins, hydrates of, 605. 

Paraldehyde, 524. 

Pentaphenyl ethyl, 536. 

Polymethylene rings, 497; heats of forma¬ 
tion, 498; Ruzicka’s syntheses, 498. 

Propyl, free, 531. 

Prussi-, prusso-compounds, 549. 

Resonance, organic, 509. 

Rotation, freo and restricted, 499. 

Spiropentane, 498. 

Stereochemistry, general, xix; ‘block’ 
theory of, 499. 

Strain theory, Baeyer’s, 497. 

Tetraline, 612. 

Thorium, use in polymethylene syntheses, 
499. 

Trialkyl-aryl methyls, 536. 

Triaryl-methyl radicals, 532; chemical 
behaviour, 539; colours, 534, 535, 536, 
538; combination with nitric oxide, 
539; oxidation, 539; paramagnetism, 
539; properties, 538. 

Tri-biphenyl-methyl, 536. 

Trinaphthyl-methyl, 536. 

Triphenyl-methyl peroxide, 532 ; prepara¬ 
tion, 532, 533. 

Triphenyl-methyl radicals, stereochemis¬ 
try of, 543. 

Tritolyl-methyl, 535. 

Trivalent carbon, 629-45. 

Trivalent radicals ArgB, ArgC, AxjN com¬ 
pared, 545. 

Trivalent radicals in Gp. IV B, 544. 

Caro’s acid HgSOs, 939. 

Celestine, 257. 

Cement, Soret’s, 237. 

Cerates, as Na 2 CeOj„ 451. 

Ceric basic nitrate, 451. 

Ceric carbonate-complexes, 451, 643; struc¬ 
ture, 643. 

Ceric double nitrates, 451, 641. 

Ceric double sulphates Mj[Ce(S 04 ) 3 ], 644. 

Ceric hydroxide, 451. 

Ceric oxide, 451. 

Cejric tetra-acetylacetonate CeAi, lOHgO, 
641, 642. 

Cerium, see Lanthanides. 

Cerium boride, 368. 

Cerium carbide CeCj, 633. 

Cerium tetravalent, 450. 

Cerussite, 625. 

China clay, 601. 

Chloramines, as R • NAcCl, 707. 

Chloramine-T, 708. 

Chlorates, metallic, 1226. 

Chloric acid HCIO 3 , 1226. 


Chloride of Hydrogen, see Hydrogen chlor¬ 
ide, 1160. 

Chlorine, atomic, 1139. 

Chlorine, bromine, iodine, organic com¬ 
pounds of, 1174, 

Chlorine dioxide ClOj, 1203; structure, 1204. 

Chlorine dioxyfluoride CIO^F, 1205. 

Chlorine, elementary, 1139. 

Chlorine fluoride CIF, 1148; trifluoride ClFj, 
1156. 

Chlorine heptoxide, 1206. 

Chlorine monoxide, 1201. 

Chlorine oxide CIO?, 1202; CI2O3 ?, 1203; 
CIO2, 1203; CIO3, ClaOe, 1205; ClgO^, 
1206; (CIO^)^?, 1207. 

Chlorites, 1224. 

Chlorochromates, 1006. 

Chlorogermanates, 615. 

Chloroplumbates, 616. 

Chlorostannates, 615, 616. 

Chlorosulphides, organic, 883. 

Chlorosulphonic acid, 903. 

Chlorous acid HClOg, 1224. 

Chlorous acid, hypo-, HOCl, 1213; forma¬ 
tion and acidity, 1214; chemical reac¬ 
tions, 1216; and Markownikoff’a rule, 
1216; decomposition, 1215; salts (hypo¬ 
chlorites), 1217; bleaching powder, 
1217; esters, 1217. 

Chrome yellow, 625. 

Chromates, 1004; alkaline, 1005. 

Chromates, chloro-, 1006; dichromates, 
1005; polychromates, 1005. 

Chromates, fluoro-, 1005. 

Chromates, per-, 1007. 

Chromic (trivalent) compounds, 1009. 

Chromic acetate, 1014. 

Chromic acetylacetonate CrAj, 1020. 

Chromic acid, 1004. 

Chromic acid ions CrOJ, 1004. 

Chromic ammines. 1016; stereochemistry of, 
1018; structures of, 1010 . 

Chromic aquo-ammines, 1017. 

Chromic ato-complexes, 1020. 

Chromic bromide CrBrj, 1013. 

Chromic chlorate, 1013. 

Chromic chloride, 1011 ; more soluble with 
chromous chloride, 1012 ; hydrates, 
1012. 

Chromic chromicyanides Cr[Cr(CN) 3 ], 1014. 

Chromic complexes, 1014. 

Chromic en complexes, active, 1017, 1018. 

Chromic fluoride, 1011; hydrates and their 
structures, 1011 ; complexes as 
M3[CrF3l, 1022. 

Chromic formate, 1013. 

Chromic halides, 1013; complexes, 1021. 

Chromic hexammines, 1016. 

Chromic hydroxide Cr(OH) 8 , 1010. 

Chromic iodide, 1013. 

Chromic ions [Cr(OH 3 ) 3 ]'% 1010, 1019. 

Chromic oxalate, 1014; oxalato-complexes, 
1020 ; racemization of, 1021 . 

Chromic oxide CrgOj, 1010. 

Chromic oxygen complexes, 1019. 

Chromic perchlorate, 1013. 

Chromic per-compounds, 1006. 
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Chroznio sulphates, 1013; hydrates of, 
1013. 

Chromic sulphide Cr,S„ 1011; complexes, 

1021 . 

Chromic thiocyanate, 1016; complexes, 
1016. 

Chromites Ma[Cr(OH),], 1010. 

Chromium, 1(X)0; metcil, 1000; passivity of, 

1000. 

Chromium and hydrogen, 1001. 

Chromium carbides, 1001. 

Chromium carbonyl, 1026; ammines of, 
1027. 

Chromium dioxide (Cr 02 )n (? CrO,, CrjOa), 
1009. 

Chromium, hexavalent, 1003. 

Chromium nitrides Cr^N, CrN, 1002. 

Chromium pentafluoride, 1008. 

Chromium, pentavalent, 1008; complexes, 
1008. 

Chromium, pentavalent, oxychloro-salts 
MfCrOCl*] and MjCCrOClj], 1008. 

Chromium peroxide CrO 5 (not HCrOj), 
1006. 

Chromium per-salts, blue MCrO^ and red 
MjCrOe, 1007. 

Chromium phenyl compounds, 1001, 1008; 
magnetism, 1002 . 

Chromium phosphides Cr,P, CrP, 1002. 

Chromium tetrachloride CrCl 4 and tetra- 
fluoride CrFi, 1009. 

Chromium trioxide, 1003. 

Chromium valencies, 1000 (di, 1022; tri, 
1009; tetra, 1009; penta, 1008; hexa, 
1003). 

Chromocyanides, 1026. 

Chromous (divalent) compounds, 1022. 

Chromous acetate, 1025. 

Chromous ammines, 1026. 

Chromous bromide CrBr,, 1024. 

Chromous oarbonato-complexes, 1026. 

Chromous chloride, 1024; reaction with 
ether, 1024. 

Chromous complexes, 1026. 

Chromous fluoride, 1023; complexes, 1026. 

Chromous formate, 1026. 

Chromous hydroxide, 1023, 

Chromous iodide, 1024. 

Chromous ion Cr^+, 1022; reducing power, 

1022. 

Chromous malonato-complexes, 1026. 

Chromous oxalato-complexes, 1026. 

Chromous oxide CrO, 1023. 

Chromous sulphate, 1025; complexes, 1026. 

Chromyl chloride CrO,Cl,, 1004. 

Chromyl fluoride CrO,F„ 1003. 

Clathrate crystals, 698. 

Claude process, 668 . 

Clay, 601. 

Cleve’s (platinum) salts, 1591. 

Cobalt, 1376; metal, 1376; soxirces, 1376; 
valencies, 1320. 

Cobalt and carbon, 1376. 

Cobalt and hydrogen, 1376. 

Cobalt and nitrogen, 1376. 

Cobalt and phosphorus, 1376. 

Cobalt carbonyl ammines, 1423. 


Cobalt carbonyl hydrides, 1422; hydride 
salts, 1423. Carbonyl nitrosyl 
Co(CO) 3 NO, 1424. 

Cobalt carbonyls Co,(CO )8 and Co 4 (CO)i„ 
1422. 

Cobalt nitrosyl compounds, 1423; nitrosyl 
halides, 1425; nitrosyl pentammines, 
1424. 

Cobalt, nitrosyls and carbonyls, valencies 
in, 1426. 

Cobalt, monovalent, 1376. 

Cobalt, tetravalent, in binuolear peroxide 
complexes, 1420. 

Cobalti-cobaltous oxide CojO,, 1396. 

Cobaltic (trivalent) compound, 1392. 

Cobaltic acetate, 1396. 

Cobaltic acetylacetonate Co A,, 1406. 

Cobaltic active complex with no carbon, 
1419. 

Cobaltic ammines, 1399; basicities, 1401; 
chelate, 1403; compositions and stabi¬ 
lities, 1400; trivial names, 1416. 

Cobaltic carbonate, 1395; complexes, 1407. 

Cobaltic chloride, 1395. 

Cobaltic complexes, 1396. 

Cobaltic fluoride, 1394. 

Cobaltic halide complexes, 1413; difference 
between cis and trana^ 1413, 1414. 

Cobaltic isothiocyanato-complexes, 1398. 

Cobaltic malonato-complexes, 1409. 

Cobaltic nitrate, 1395; nitrato-complexes 
(true), 1410. 

Cobaltic nitrito-complexes (true), 1403. 

Cobaltic nitro-oomplexes, 1404. 

Cobaltic nitrpso-^-naphthol, 1407. 

Cobaltic oxalate, 1395; oxalato-complexes, 
1408; ammines of, 1408. 

Cobaltic oxide CoiOj, 1393. 

Cobaltic pentacyano-complexes, 1398. 

Cobaltic perchlorate, 1396. 

Cobaltic polynuclear complexes, 1415; with 
1 and 2 bridges, 1417; with 3, 1418; 
trinuclear, 1419; quadrinuclear, 1419. 

Cobaltic sulphate, 1396; sulphato-com- 
plexee, 1410. 

Cobaltic sulphito-complexes, 1411; am- 
mines, 1411; structure of the SOg-group 
in, 1412. 

Cobaltic tetranitro-ammines, 1405. 

Cobaltic thio-oxalato-complexes, 1409. 

Cobaltic trinitro-ammines, 1406. 

Cobalticyanides, 1396, 1397; esters, 1398. 

Cobaltinitrites, 1406; solubilities, 1406. 

Cobaltioxalates, 1409. 

Cobaltous (divalent) compounds, 1376. 

Cobaltous acetate, 1381. 

Cobaltous acetylacetonates, 1388. 

Cobaltous ammines, 1385. 

Cobaltous bromide, 1379. 

Cobaltous carbonate, 1381; oarbonato-com¬ 
plexes, 1387. 

Cobaltous chlorate, 1383. 

Cobaltous chloride, 1379. 

Cobaltous complexes, 1383. 

Cobaltous compounds, colour and constitu¬ 
tion of, 1390. 

Cobaltbus cyanate complexes, 1384. 
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Cobaltous cyanide Co(CN),, 1380; oom- 


plexesy 1383. 

Cobaltous diammines, 1386. 

Cobaltous diketO'Complex salts^ 1388. 
Cobaltous fluoride CoF^* 1378. 

Cobaltous formate, 1381. 

Cobaltous halides, complex, 1389, 1392. 
Cobaltous hexammines, 1385. 

Cobaltous hydroxide, 1377. 

Cobaltous iodate, 1383. 

Cobaltous iodide, 1379. 

Cobaltous nitrate, 1381. 

Cobaltous nitrites, complex, 1387. 

Cobaltous nitro-complexes, 1387. 

Cobaltous oxalate, 1381; oxalato-complexes, 
1388. 

Cobaltous oxide CoO, 1376. 

Cobaltous oxygen complexes, 1387. 
Cobaltous perchlorate, 1383. 

Cobaltous pyrites CoS,, 1378. 

Cobaltous selenide (pyritic) CoSe„ 1378. 
Cobaltous sulphate, 1382. 

Cobaltous sulphide, 1378. 

Cobaltous sulphite, 1382. 

Cobaltous sulphoxylate, 1382. 

Cobaltous thiocyanate, 1380; complexes, 
1384. 

Coinage metals, copper, silver, gold, 104. 
Colour of cobaltous compounds and con¬ 
stitution, 1390. 

Colour of lanthanides, 443. 

Columbium; see Niobium, 834. 

Complex halides, summary of, 1172-4. 
Complexes, conditions of stability, 123. 
Conatantan, 1427. 

Contraction, lanthanide, 446; actinide or 
uranide, 1093. 

Copper, abundance, 104, 105. 

Copper boride, 368. 

Copper hydride. 111. 

Copper metal, 104. 

Copper, reactions, 104. 

Cupric (divalent) compounds, 148; com¬ 
plexes, 156. 

Cupric acetate, 164. 

Cupric acetylacetonate, 172. 

Cupric amino-acid salts, 166. 

Cupric aminomethane sulphonate, 166. 
Cupric ammines, 156; colour and stability, 
157. 

Cupric ammines, substituted, 168. 

Cupric azides, complex, 159. 

Cuipio biuret compounds, 166. 

Cupric bromide, 163; complexes, 163. 

Cupric carbonate, 164; carbonate-com¬ 
plexes, 168. 

Cupric catechol complexes, 171. 

Cupric chelate en complexes, 163. 

Cupric chlorate, 165. 

Cupric chloride, 162; complexes, 161, 162. 
Cupric complexes, 156. 

Cupric cyianide, 149; complexes, 156. 

Cupric diammines, 174. 

Cupric diohelate en complexes, 164. 

Cupric disulphide complexes, 174. 

Cupric enol complexes, 171; relative stabi¬ 
lity, 172. 


Cupric ferrocyanide, 1338. 

Cupric fluoride, 162; complexes, 162; basic 
fluoride, 173. 

Cupric formate, 164. 

Cupric glycinate, 166. 

Cupric glycol complexes, 171. 

Cupric halides, complex, 161. 

Cupric hexol complexes, 173 
Cupric hydroxide, 151. 

Cupric iodate, 166. 

Cupric iodide, 153; complexes, 163. 

Cupric ions, 149; ion hydrates, 160. 

Cupric malonato-complexes, 169. 

Cupric nitrate, 166. 

Cupric nitric-oxide complexes, 160. 

Cupric nitrite, 155; complexes, 159, 160. 
Cupric nitrogen complexes, chelate, 163, 
168. 

Cupric nitrogen-oxygen chelate complexes, 
165. 

Cupric nitro-salts, 169, 160. 

Cupric nitrosyls, 160. / 

Cupric oxalate, 166; oxalato-complexes, 

169. 

Cupric oxide, 160. 

Cupric oxygen-oxygen chelate compounds, 
168. 

Cupric perchlorate, 155. 

Cupric periodate, 166. 

Cupric peroxide, 151. 

Cupric phthalato-complexes, 169. 

Cupric phthalimide, 150. 

Cupric phosphito-complexes, 170. 

Cupric polysulphides, 162. 

Cupric salicylaldoxime complexes, 167. 
Cupric salts of fatty acids, colour of, 154. 
Cupric sulphate, 156; sulphato-complexes, 

170. 

Cupric sulphide CuS, 161. 

Cupric sulphur complexes, 161, 173. 

Cupric tartrato-complexes, 169. 

Cupric tetrammines [Cu(NH 8 ) 4 ]Xg, 166. 
Cupric thiocyanate, 149. 

Cuprite CuO, 117. 

Cuprites M.fCuO,], 161. 

Cuprous (monovalent) compoimds, 106. 
Cuprous acetate, 126. 

Cuprous aoetylide, 112. 

Cuprous alkyls and aryls, 114. 

Cuprous ammines, 136. 

Cuprous arsine complexes, 138. 

Cuprous azomethane complexes, 136. 
Cuprous bromide, 120. 

Cuprous carbon monoxide complexes, 131. 
Cuprous carbonyl compounds, 132. 

Cuprous chloride, 120. 

Cuprous complexes, 129. 

Cuprous co-ordination numbers, 148. 
Cuprous-ouprio equilibrium, 107. 

Cuprous cyanide, 116; cyanide complexes, 
133. 

Cuprous dithiolethylene complexes, 146. 
Cuprous ethylene complexes, 131. 

Cuprous fluoride, 119. 

Cuprous formate, 126. 

Cuprous halides, 119; ionization of, 110, 

111 . 
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Cuprous halides, complex, 147. 

Cuprous hydroxide, 118. 

Cuprous iodide, 121. 

Cuprous isonitrile complexes, 135. 

Cuprous nitride, 116. 

Cuprous nitrile complexes, 135. 

Cuprous oxalate, 126. 

Cuprous oxide, 117. 

Cuprous phenyl, 114. 

Cuprous phosphide, 117. 

Cuprous phosphine complexes, 138. 
Cuprous polysulphides M[CuS 4 ], 144. 
Cuprous sulphide, 119. 

Cuprous sulphito-complexes, 145. 

Cuprous thioacetamide complexes, 142. 
Cuprous thiosulphato-complexes, 145. 
Cuprous thiourea complexes, 142. 

Cuprous tolyl, 114. 

Corrosive sublimate HgClj, 323. 

Corundum AljOj, 413. 

Covalencies partly ionic, xix, 201. 
Covalency limit, xvii, 98, 99, 990. 

Covalent and ionic links, xvii, 109. 

Covellite CuS, 152. 

Cristobalite SiO*. 599. 

Cryolite NajAlF^, 435. 

Crystal forms and radius ratios, 94. 

Curium, chemistry of, 1096; resemblance to 
gadolinium, 1096. 

Curium (No. 96), preparation of, 1091. 
Cyanates, 674. 

Cyanic acid, 673; structure, 673; esters, 674. 
Cyanide complexes, structure of, 671. 
Cyanide, hydrogen, 668 ; as solvent, 670; 

complexes of, 670. 

Cyanides, metallic, 669. 

Cyanogen, 667. 

Cyanogen compounds, 667. 

Cyanogen halides, 677; resonance in, 678. 
Cyanogen radical CN, stability of, 668 . 
Cyanogen, thio: see under Thiocyanogen, 
674. 

Cyanurio acid, tautomerism in, 679. 
Cyanurio compounds, 678. 

Cyanuric triazide, 679. 

Cyclotron, 19, 

Deuteration with deuterium, 51; with heavy 
water, 52. 

Deuterium, 33-56; concentration, 34; pro¬ 
perties, 36; comparison with hydrogen, 
38; chemical properties, 40. 

Deuterium bonds, 28. 

Deuterium compoimds, boiling- and melting- 
points, 43; kinetics, 40; physical pro¬ 
perties, 41; preparation, 41; stereo¬ 
chemistry, 44. 

Deuterium, exchange for hydrogen, 50. 
Deuterixim oxide (heavy water), 44; of 
crystallization, 49; physical properties, 
45; as solvent, 46; reactions in, 47. 
Deuteron, 37. 

Diagonal relations in the Periodic Table, 
100, 193, 195. 

Dialkyl sulphides, 881; rotation barrier in, 
881. 

Diarsines, 770. 


Diazoalkyls, 713. 

Diazo-aromatic compounds, 714; tautomer¬ 
ism of, 714. 

Diazomethane 713; structure of, 714. 
Dicyano-hexafluoride F 3 C-N—N-CFg, 711. 
Diffusion of deuterium, 34. 

Digermano (Go-Ge) derivatives, 574; hexa- 
ethyl, hoxaphenyl, 574. 

Di-imide HN=rNH, 711, 

Dimercaptans, 881. 

Diphenyl nitrogen oxide (radical), 724. 
Diselenium dichloride, 987. 

Distannanes RjSn-SnRg, 585; hexa-alkyl, 
585; molecular weights and dissociation, 
685; hexaaryl-, 686 ; dissociation, 586; 
hexaphenyl, 686 ; hexatolyl, 586. 
Ditellurides as O-Te-Te-O, 966. 
Dithiochlorides, aryl, Ar-S-S-Cl, 930. 
Dithionic acid H 2 S. 2 O 3 , 940. 

Dithionous acid H 2 Sa 04 , 906. 

Dolomite, 238. 

Dryness, effect of extreme, 661, 688 . 
Dysprosium {and see Lanthanides), 453. 

Einstein’s mass/energy relation, xiii, 1087. 
Ekasilicon, Mendoleeff’s prophecies of, 668 , 
Electron, xv. 

Electronegativities, 23; table of, xviii. 
Element No. 61 (Prometheum), 446. 
Element No. 85 (Astatine), 1260. 
Emanation, 1, 8 . 

Energy of conversion of hydrogen to helium, 
3. 

Energy, stellar (Bethe), 3. 

Energy, zero-point, 7, 38. 

Erbium boride, 368. 

Erythrochromic ammines, 1016. 

Escape of gases from the atmosphere, 2. 
Ethyl iodide-chloride Et-IClg, 1259. 

Ethyl silicate, 601. 

Ethyl thiostannate, 606. 

Ethylene, 506; argentous and cuprous com¬ 
plexes, 130; platinum complexes, 1586. 
Europium, divalent, 454; dihalides, 454: 

sulphate, 454; sulphide, 454. 

Explosive gold, 178. 

Fajans’ principles of ion and covalency 
formation, xvii, 8 , 60, 103, 193, 194. 
Felspar, 600. 

Ferric boride, 368. 

Ferric (Fe'") compounds, 1348. 

Ferric acetylacetonate FeAg, 1362. 

Ferric ammines, 1361. 

Ferric azide, 1351. 

Ferric bromide FeBrj, 1366; complexes, 
1367. 

Ferric carbonate-complexes, 1364. 

Ferric carboxylates, 1367; complexes, 1363. 
Ferric catechol complexes, 1363. 

Ferric chloride, 1365; complexes, 1366. 
Ferric chloride nitrosyl, 1367. 

Ferric ethylate, 1362. 

Ferric ferroso-ferric oxide Fe 304 , 1353. 

Ferric fluoride, 1354; complexes, 1366. 

Ferric ^droxides re(OH) 8 , FeO-OH, 1362. 
Ferric* iodide, 1357. 
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Ferric ions, stability of, 1348; properties, 
1349. 

Ferric nitrate Fe(N 03 ) 3 , 1357. 

Ferric oxalato-oomplexes, 1364-5. 

Ferric oxide FeaOg, 1361. 

Ferric oxygen complexes, 1361. 

Ferric pentacyano-complexes, 1359. 

Ferric pnissi-compounds, 1359. 

Ferric salicylato-complexes, 1363. 

Ferric salts, general, 1350. 

Ferric sulphate, 1358; complexes, 1365. 

Ferric sulphide FegSa, 1354. 

Ferric thiocyanate, 1360; complexes, 1360. 

Ferricyanides, 1358. 

Ferrous (Fe^) compounds, 1327. 

Ferrous acetylacetonate, 1347. 

Ferrous ammines, 1346. 

Ferrous bromide FeBrj, 1332. 

Ferrous carbonate FeCOg, 1333; carbonate- 
complexes, 1347. 

Ferrous carboxylates, 1335. 

Ferrous chloride, 1331. 

Ferrous complex nitrites (nitro-complexes), 
1346 

Ferrous cyanide complexes, 1335; ferro- 
cyanic acid, 1336; esters, 1340; their 
structure, 1341; ferrocyanic salts, 1336, 
1337; cupric ferrocyanide, 1338; reac¬ 
tion of ferrocyanic salts, their structures 
and colours, 1339. 

Ferrous fluoride FeFg, 1331. 

Ferrous halides, complex, 1348. 

Ferrous hydroxide Fe(OH) 2 , 1328. 

Ferrous nitrate, 1333. 

Ferrous nitrogen complexes, 1346. 

Ferrous nitroprussides, 1343-4; structures, 
1345. 

Ferroiis oxalato-complexes, 1347. 

Ferrous oxide FeO, 1327. 

Ferrous oxygen complexes, 1347. 

Ferrous oxy-halide salts, 1334. 

Ferrous pentacyano-complexes, 1342; 
prusso-compounds, 1342. 

Ferrous pyrites FeSg, 1330. 

Ferrous sulphate, 1334. 

Ferrous sulphide FeS, 1329. 

Ferrous thiocyanate, 1333; complexes, 1346. 

FHg cation, very unstable, 1111 . 

Fission a chain reaction, 1088. 

Fission, nuclear, 1087; theory of, 1088. 

Fluoride of hydrogen: see under Hydrogen 
fluoride, 1102 . 

Fluorides, acid, as M[Fj,HJ, 23, 1116; F - -F 
distance in, 1116. 

Fluorides, ewyl, 1114. 

Fluorides, inorganic, 1112 ; physical pro¬ 
perties, 1112-13; solubilities, 1113. 

Fluorination, organic: direct, 1117; by re¬ 
placement of other halogens, 1118; 
rules of substitution, 1119; with in¬ 
organic catalysts, 1118. 

Fluorine, 1100 . 

Fluorine, chief characteristics of, 1099. 

Fluorine compoimds, toxicity of, 1129. 

Fluorine, co-ordination of, very rare, 1112. 

Fluorine dioxide, 1137. 

Fluorine monoxide, 1135. 


Fluorine nitrate F-NOg, 703. 

Fluorine organic compounds, 1116-34; 
physical properties, 1121 ; dipole mo¬ 
ments, 1123; refractive power, 1123; 
volatility, 1123; reactivity of fliiorine in, 
1124; CFg group relatively inert, 1126; 
CFg group very inert, 1126. 

Fluorine, oxides of, 1135. 

Fluorine perchlorate F • CIO 4 , 1138. 
Fluorine-carbon links, lengths of, 1127. 
Fluoro-aryls, 1130. 

Fluorocarboxylic acids, acidity, 1128. 
Fluorochromates, 1005. 

Fluoroform, toxicity of, 1130. 
Fluorogermanic acid, 615; fluorogermanates, 
615. 

Fluoro-iodic acid HIOgFg, 1230. 
Fluoromolybdates, 1044. 

Fluorophosphoric acid F*PO(OH) 2 , 748. 
Fluoroplumbates, 616. 

Fluorosilicic acid, 615; fluorosilicates, 615. 
Fluorostannates, 615. 

Fluorosulphonic acid F-SOg-OH, 933; 

esters, 933; salts, 933. 
Fluorotungstates, 1044. 

Francium (No. 87), 64. 

Frank and Caro process for combined nitro¬ 
gen, 658. 

Free radicals, carbon, 74, 630, 532. 
Friedel-Crafts reaction, 436-8. 

Fundamental particles, xv. 

Fusible white precipitate, 328. 

Gallic (trivalent) acetylacetonate, 474; 

borohydride Ga(BH 4 )g, 365. 

Gallic bromide, 468; complex bromides, 476. 
Gallic chloride, 468; complex, 476. 

Gallic complexes, 472. 

Gallic fluoride, 469; complex, 476. 

Gallic halides, structures of, 469. 

Gallic hydride, 459. 

Gallic hydroxide, 466. 

Gallic iodide, 469. 

Gallic methyl-hydride GaaMe 4 Ha, 460. 

Gallic nitrate, 470. 

Gallic nitride, 466. 

Gallic oxalate, 471; oxalato-complexes, 476. 
Gallic oxide Ga^Og, 466. 

Gallic perchlorate, 471. 

Gallic selenide, 467. 

Gallic sulphate, 471. 

Gallic sulphide, 467. 

Gallic telluride, 467. 

Gallic trialkyls: triethyl, trimethyl, tri¬ 
phenyl, 401. 

Gallic trialkyl ammines, 472. 

Gallic trialkyl etherates, 461, 472. 

Gallic trihalide ammines, 472. 

Gallium metal, 459. 

Gallium, divalent (Gallons), 477. 

Gallium, monovalent, non-existent, 480; 

GagO ? and Ga^S ?, 480. 

Gallons (divalent) bromide GaBr^, 477. 
Gallons chloride GaClg, 477. 

Gallons oxide GaO, 477. 

Callous sulphate GaS 04 , 477. 

German silver, 1427. 
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Germanates, 601; sodium salt, 601. 
Germane, alkaline compoimds of, 670. 
Germane, di- (Ge-Ge), derivatives, 674. 
Germane, di-, hexaethyl, 674; hexaphenyl, 
674. 

Germane-sodium Na-GeHj, 670. 

Germane, triethyl-, Et^GeH, 570. 

Germane, triethyl potassium-, Et,Ge K, 

670. 

Germane, triphenyl, 670; triphenyl potas¬ 
sium, 570. 

Germane, tetra-, octaphenyl <D,Ge-Ge<I>,- 
Ge<I> 3 , 676; Ge 408 , 676; structure, 676. 
Germanic acid, 601; esters, 602. 
Germanichlorides, 616. 

Germanifluorides, 615. 

Germanite, 618. 

Germanium, 652. 

Germanium has no inert pair, 618. 
Germanium alkyls, 668 . 

Germanium alkyl-aryl halides, 673. 
Germanium aikyl-halides Alk^GeX 4 _,i, 672, 
Germanium alkyl-hydrides, 670. 

Germanium alkyl-trihalides, 672. 
Germanium amides, 612. 

Germanium bromoform, 609. 

Germanium chloroform, 609. 

Germanium dialkyl dihalides, 673. 
Germanium diethyl diol (germanoketone), 

671. 

Germanium diethyl imine EtjGe^NH, 571. 
Germaniiun dioxide, 600, 

Germanium diphenyl difluoride, 673. 
Germanium diphenyl ketone <I> 2 Ge= 0 , 572. 
Germanium diselenide, 604. 

Germanium disulphide, 604. 

Germanium ethyl-nitride Et-GeN, 671. 
Germanium hydride-halides, 609. 
Germanium hydrides: GeH 4 , 654; Ge^Hj, 
654; GejHg, 664. 

Germanium hydroxide, 601. 

Germanium imides, 612, 

Germanium imines, 671. 

Germanium methylene-trihalide 
(X 3 Ge),~CH., 674. 

Germanium nitride (> 63 X 4 , 698. 

Germanium organic compounds, 668 . 
Germanium oxy-compoxmds, 671. 
Germanium phenyl Ge^O*, 676; possible 
structures, 676. 

Germanium phenyl-ethyl-methyl bromide 
resolved, 673. 

Germanium tetra-aJLkyls, boiling-points, 669. 
Germanium tetra-aryls, 569. 

Germanium tetrabenzyl, 669. 

Germanium tetrabromide, 608. 

Germanium tetrachloride, 608. 

Germanium tetra-ethyl, 669. 

Germanium tetrafluoride, 608. 

Germanium tetra-iodide, 608. 

Germanium tetramethyl, 569. 

Germanium tetraphenyl, 609. 

Germanium tetrapropyl, 569. 

Germanium tetratoyls, 570. 

Germanium trialkyl halides, 572. 
Germanium triaiyl halides, 573. 

Germanium trimerio (EtiQeO),, 572. 


Germanium trimethyl bromide, 672. 

Germanium trimethyl monol, 671. 

Germanium triphenyl amine <I> 3 Ge • NHj, 671. 

Germanium triphenyl monol, 671. 

Germanochlorides, M[GeClj], 618. 

Germano-iodides, 618. 

Germanous (divalent) compounds, 617. 

Germanous bromide GeBr,, 618. 

Glermanous chloride, 618. 

Germanous compounds, structure of, 619. 

Germanous fluoride, 618. 

Germanous iodide, 618. 

Germanous oxide, 617. 

Germeuious sulphide, 618. 

Glass, 601. 

Glass, Lindemann, 601. 

Glucinum = Beryllium, 197-218. 

Gold (and see Auric and Aurous), 103. 

Gold, abundance, 104; amount in sea water, 
106 n.; ionization, 106. 

Gold, explosive, 178. 

Gold hy^ide, 112. 

Gold metal, 106. 

Gold, monoalkyl derivatives, 186, 187. 

Gold phenyl dichloride, 187. 

Greenookite, 271. 

Grignard reagents, 224-32. 

Group 0: Inert Gases, 1. 

Group I: Hydrogen, 11; Deuterium, 33; 
Alkali Metals, 69; Copper, Silver, Gold, 
103. 

Group II: Beryllium, 197; Magnesium, 222; 
Alkaline Earths, 242. 

Group II B: Zinc and Cadmium, 263; Mer¬ 
cury, 286. 

Group III, 334; Boron, 336; Aluminium, 
412. 

Group III A, 439; Scandium, 440; Yttrium, 
441; Lanthanides, 441; Actinium, 467. 

Group III B, 468 ; Gallium, Indium, Thal¬ 
lium. 

Group IV, 488; Carbon, 490. 

Group IV B, 561; Silicon, Germanium, Tin, 
Lead. 

Group IV A, 628; Titanium, Zirconium, 
Hafnium, Thorium. 

Group V, 654; Nitrogen, 656; Phosphorus, 
725. 

Group V B, 768; Arsenic, Antimony, Bis¬ 
muth. 

Group V A, 804; Vanadium, Niobium, Tan¬ 
talum, Protoaetinium. 

Group VI, 865; Oxygen, 856; Sulphur, 876. 

Group VIB, 948; Selenium, Tellurium, 
Polonium. 

Group VI A, 993; Chromium, 1000; Molyb¬ 
denum and Tungsten, 1028; Uranium, 
1069; the Uranide elements. Neptu¬ 
nium, Plutonium, Americium, Curium, 
1090. 

Group VII B: The halogens, 1097; Fluorine, 
1099; Chlorine, Bromine, Iodine, 1139; 
Astatine, 1260. 

Group VII A, 1262; Manganese, 1264; Tech¬ 
netium, 1289; Rhenium, 1291. 

Group VIII: Iron, 1319; Cobalt, 1375; 
Nickel, 1426. 
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Group VIII A, 1464; Ruthenium, 1466; Os¬ 
mium, 1490. 

Group VIII B, 1611; Rhodium, 1613; Iri¬ 
dium, 1630. 

Group VIII c, 1550; Palladium, 1553; Pla¬ 
tinum, 1678. 

Gypsum, 266. 

Haber process for 83 mthetic ammonia, 

668 . 

Hafnia, 646. 

Hafnium, 632, 646. 

Hafnium acetylacetonate, HfA 4 , 10 H 2 O, 641, 
642. 

Hafnium, atomic volume, 647. 

Hafnium, atomic weight, 648; characteristic 
differences from zirconium, 646; deter¬ 
mination of, 647; proportion in zirco¬ 
nium, 646; relative solubilities, 648. 

Hafnium, carbide, 633. 

Hafnium dibromide, 653. 

Hafnium dioxide, 635. 

Hafnium metal, 632. 

Hafnium peroxide, 637. 

Hafnium tetrafluoride, 638. 

Hafnium tetrahalides, 638. 

Hafnium tribromide, 652. 

Halic acid and halates, 1226. 

Halide acids H-hal, see under Hydrogen 
halides. 

Halides, acyl, 1190. 

Halides, behaviour with water, 1170. 

Halides, binary, 1070. 

Halides, complex, summary of, 1170-4. 

Halides, effect on dissociation of acids, 1186; 
radioactive exchange, 1186; reactions 
with amines, 1188; strength of C-hal 
link, 1188; hydrolysis to C*OH, 1189; 
to R H + hal OH, 1189. 

Halides, organic, 1184; physical properties, 
1184; Dipole moments, 1186. 

Halides, per-, see Perhalides, 1190. 

Halogen hydrides HX: see under Hydrogen 
bromide, etc. 

Halogen ions, supposed positive, 1239. 

Halogen oxy-acids: HOCl, 1212, 1213; 
HOBr, 1219; HOI, 1222; HClOa, 1224; 
HBrO„ 1225; HClOj, 1226; HBrOj, 
1227; HIO3, 1228; HCIO4, 1230; HIO4, 
1236. 

Halogenation, direct, 1179; of acetone, 
1182; of aromatic compounds, 1181; of 
paraffins, 1181; of deuterium com¬ 
pounds, 40; catalysts, 1181. 

Halogenation by replacement of OH, 1183; 
of NHj, 1184. 

Halogenation by addition of halogens to 
C~C, 1174; heat of addition, 1175, 
1176. 

Halogenation by addition of halogen hy¬ 
drides to C=C, 1177; heat of addition, 
1177; addition cis or trans^, 1176; 
addition to conjugate links, 1176; effect 
of oxygen (Kharasch), 1178. 

Halogens, general, 1097; physical pi:o- 
perties, 1098. 

Halous acids HXO| and halites, 1224. 


Heats of linkage XXII: Tables XXX- 
XXXII. 

Heavy spar, 267. 

Heavy water, 44, 46, 49, 60, 62. 

Helium, 1, 9; escape from atmosphere, 2; 
energy of formation from hydrogen, 3; 
isotopes, 2; liquid I, 6 ; liquid II, 7. 

Heteropoly-acids, 1042; structures, 1042. 

Hexafluorophosphates, 766. 

Hexathionic acid H 2 S 4 O 4 , 943. 

Hofmann, A. W., 762. 

Hydrazine HgN-NHa, 708; structure, 709. 

Hydrazines, phenyl, 710; tetra-aryl, 720. 

Hydrazinium salts [ArgN-NAr^jX, 721. 

Hydrazoic acid, 716; acidity, 716. 

Hydrazyls Ar^N-NAr, 721. 

Hydrides, binary, 21 . 

Hydrides of elements oxygen to tellurium, 
961. 

Hydrides, metal-like, 22. 

Hydrides, salt-like, 21 . 

Hydrides, spectroscopic, 23. 

Hydrides, volatile, 22 . 

Hydrogen, 11 {and see Deuterium, 33, and 
Tritium, 67). 

Hydrogen, monatomic, 16; diatomic H*^, 
15; triatomic H 3 and Hj^, 20 . 

Hydrogen, chemical properties, 17; nucleus, 
18; ortho and para, 12 . 

Hydrogen bond, 2^-32; atoms forming, 29; 
evidence for, 26; in chelate rings, 29; 
length, 26. 

Hydrogen bromide, 1164; mechanism of 
formation, 1164; state in solution, 1166. 

Hydrogen chloride, 1160; mechanism of 
formation (Nernst), 1160-1; state in 
water, 1163. 

Hydrogen fluoride, 1102; as catalyst in 
organic reactions (for acylation, alkyla¬ 
tion, carboxylation, polymerization), 
1132-4. 

Hydrogen fluoride, formation, 1102-3; asso¬ 
ciation, 1105; conductivity pure, 1104; 
physical properties, 1103-5. 

Hydrogen fluoride, liquid, as solvent, 1107; 
b^aviour of solutes, 1108-10; ioniza¬ 
tion and dielectric constant of liquid, 
1108; ionization of solutes, 1111 . 

Hydrogen iodide, 1167; mechanism of 
formation, 1168; thermal decomposi¬ 
tion, 1168. 

Hydrogen ion, negative, 20. 

Hydrogen ion, positive, 18 {and see Proton). 

Hydrogen peroxide, 868 ; heat content, 868 ; 
chemical reactions, 869; isomer from 
atomic hydrogen, 870; structure, 869. 

Hydrogen sulphide HgS, 878; non-asso- 
ciated, 879; acidity, 880. 

Hydrolysis, conditions of, 197. 

Hydronitrates of telluroxides, 969. 

Hydrosulphurous acid HaS 204 , 906; struc¬ 
ture, 907. 

Hydroxyl radical, free, 866 . 

Hydroxylamine, 686 . 

Hypochlorous acid: v.tf. Chlorous acid, 
hypo-, &c. 

Hypohalous acids, comparison of, 1212. 
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Hyponitrites, 693. 

Hyponitrous acid, 693; esters, 693. 
Hypophosphoric acid H 4 P 20 «, 742. 
Hypophosphorous acid HjPO,, 739. 
Hyposulphurous acid H 2 SJO 4 , 906. 

Illinium or Prometheum {and see Lanthan> 
ides), 445. 

Imides, alkaline, 86 . 

Imides, organic, 666 . 

Imines RgC—NH, instability of, 660. 

Indie acetylacetonate, 474. 

Indie bromide, 468; complexes, 476. 

Indie carbonate, 471. 

Indie chloride InCla, 468; complexes, 476. 
Indie complexes, 472. 

Indie diaryl halides, 462. 

Indie dimethyl-oxide (InMea)aO, 461. 

Indie fluoride, 469. 

Indie halides, 469. 

Indie hydroxide, 467. 

Indie iodate, 471. 

Indie nitrate, 471. 

Indie nitride, 466. 

Indie oxalato-complexes, 475. 

Indie oxide lUjOa, 467. 

Indie perchlorate, 471. 

Indie selenide, 468. 

Indio sulphate, 471; double sulphates, 474. 
Indie sulphide IngSg, 467; complexes 
MLInSa], 476. 

Indie telluride, 468. 

Indie trihalide amrnines, 472. 

Indie triinethyl, 461. 

Indie triphenyl, 462. 

Indium, monovalent, 480. 

Indium monobromide InBr, 481. 

Indium monochloride InCl, 481. 

Indium oxide MujO, 481. 

Indium sulphide In^S, 481. 

Indous (divalent) compounds, 478; are they 
really divalent ?, 479. 

Indous bromide, 479; chloride, 478; fluoride, 
478. 

Indous oxide InO, 478. 

Inert gases, 1 {and see under Argon, Emana¬ 
tion, Helium, Krypton, Neon, Xenon); 
physical properties, 1 ; compounds, 8 . 
Inert pair of electrons, 287, 481, 617, 795, 
798 (As), 961 (Te). 

Infra-red spectrum and hydrogen bond, 26. 
Interhalogen compounds, 1146; AB, 1148; 

AB 3 , 1166; AB 5 , 1168; AB,, 1169. 
Interhalogen compounds, disproportiona¬ 
tion in, 1147; heats of linkage, 1147. 
Interstitial compounds, 620, 663, 808, 836, 
845. 

lodates, 1229; iodate ions 10, (and CIO,, 
BrOg), mobilities, 1229. 

Iodic acid, 1228. 

Ipdic acid, fluoro-, H 02 F 2 > 1230. 

Iodic anhydride 1,0,, 1210 . 

Iodide chlorides, 1246-7. 

Iodide fluorides, 1248. 

Iodides, 1170. 

Iodine, elementary, 1143. 

Iodine bromide, 1154. 


Iodine chloride, 1161. 

Iodine, colour in solution, 1144, 1163. 
Iodine ennea-oxide IgO, (? tri-iodate 
KlOglg), 1210. 

Iodine heptafluoride IF„ 1169. 

Iodine heptoxide (?), 1212. 

Iodine oxides, 1209. 

Iodine pentafluoride IF,, 1158. 

Iodine pentoxide, 1211. 

Iodine perchlorate I-CIO,, 1242. 

Iodine, pol 5 rvalent compounds, 1243; or¬ 
ganic, 1245. 

Iodine tetroxide I 2 O 4 , 1210. 

Iodine triacetate l( 0 -CO*CHg) 3 , 1244. 
Iodine trichloride ICl,, 1157. 

Iodine tri-iodate (?), 1210. 

Iodine trinitrate I(N 03 ) 3 , 1244. 

Iodine, trivalent, compounds of, 1245, 1253, 
1258. 

lodonium acetylene derivatives, 1260. 
lodonium salts Ar 2 l[X], 1267; cyclic, 1257; 

mechanism of decomposition, 1268. 
lodoso-compounds Ar-IO, 1248, 1263; 

cyclic, 1253-4. 

Iodo 8 o-‘salts’, as <I>*I(Cr 04 ), 1260. 
lodostannates, 616. 

lodous acid, hypo-, HOI, 1222; reaction 
constants, 1223. 

lodous compounds (OI)X, 1245. 
lodous sulphate ( 01 ) 2804 ), 1245. 
lodoxy-compounds Ar^IOg, 1250. 
lodoxylates [ArglOgOHJM, 1262. 
lodoxy-salts, as [ 0 -I 0 . 0 H](Cl 04 ), 1262. 
Ions, mobility and hydration, 97. 
Ionization, abnormal, 216, 297, 325. 

Ionized and covalent linlcs, 109. 

Iridium, 1630; valencies, 1611; metal, 
1530. 

Iridium and hydrogen, 1530. 

Iridium and phosphorus, 1630. 

Iridium, monovalent, 1631. 

Iridium monochloride and monobromide 
IrBr, 1631. 

Iridium, divalent, 1531. 

Iridium dibromide IrBrg, 1532; di- 
chloride, 1532; difluoride, 1531; di- 
iodide, 1632; sulphide IrS, 1531. 
Iridium complexes: anamines, 1532; cyan¬ 
ides, 1532; sulphito-, 1532. 

Iridium, trivalent, 1632. 

Ir'" alums, 1636. 

Ammines, 1636. 

Aquopentammines, 1636. 

Bromide IrBrg, 1634. 

Chloride, 1533. 

Chloro-pentammines, 1536. 

Cyanides M 8 [Ir(CN)e], 1635. 

Diammines, 1538. 
Dichloro-dioxalato-salts, 1641. 

Dihalide complexes as Mg[Ir(NOg) 4 Cl 2 ], 
1641. 

Glyoxime complexes, 1639. 

Hexahalides, 1540. 

Hexammines, 1536. 

Hexanitro-salts, 1639. 

Iodide Irig, 1634. 

Monammines, 1638. 
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Nitrilo-complexes, 1535. 
Nitropentairimines, 1637. 
Oxalato-complexes, 1540. 

Oxide Ir^Og, 1632. 

Oxychloride IrClaOH, 1634. 

Pentahalides, 1540. 

Pentammines, 1536. 

Phosphorus complexes, 1639. 

Selenide Ir^Sej, 1533. 

Sulphate, 1535. 

Sulphide IrgSg, 1533; polysulphides 
MarirSjj], 1539. 

Sulphite, 1535. 

Tetrahalides, as M 8 [IrX 40 x], 1540. 
Tetrammines, 1537. 

Thiourea complexes, 1639. 

Triammines, 1638. 

Trihalides, 1540. 

Iridium, tetravalent, 1542. 

Ammines, 1544. 

Bromide IrBr^, 1544; complexes, 1545. 
Chloride, 1643; complexes, 1546. 
Complexes, 1544, 

Fluoride IrF^, 1643; complexes, 1545. 
Iodide, 1544. 

Oxalato-salts, M 2 [Ir(Ca 04 ) 3 ], 1545. 

Oxide, IrOg, 154^ 

Selenide, 1543. 

Sulphate ^ 3 ( 804 ) 2 , 1544. 

Sulphides: IrSa, 1542; IrgSg, 1542; IrjSg, 
1642; IrSg, 1547. 

Telluride IrTeg, 1543. 

[Iridium, pentavalent: non-existent.] 
Iridium, hexavalent, 1547; hexafluoride, 
1647. 

Oxide, IrOg, 1546. 

Oxyfluorido IrF 40 , 1648. 

Selenide IrScg, 1547. 

Sulphide IrSa, 1547. 

Telluride IrTeg, 1547. 

Iridium carbonyls: Ir(CO) 3 , Ir(CO) 4 , 1648; 
Iridium carbonyl halides: Ir(CO) 3 X, 
Ir(CO) 2 Xa, 1649; Iridium carbonyl 
hydride, 1648. 

Iron Triad: Iron, Cobalt, Nickel, 1319. 

Iron, general properties, occurrence, 1322; 
valencies, 1319. 

Iron, metallic, 1323; iron and carbon alloys, 
1324. 

Iron alloys (no carbon), 1324. 

Iron carbides, 1326. 

Iron carbonyls: Fe(CO) 5 , 1369; Fe 2 (CO)a 
(enneacarbonyl), 1369; structure, 1369. 
Iron carbonyl ammines, 1370; halides, 1372; 
hydride and its metallic derivatives, 
1371; prussocorbonyls M 8 [Fe(CN) 5 CO], 
1372. 

Iron and hydrogen, 1325. 

Iron, monovalent, 1327. 

Iron, divalent: see under Ferrous, 1327. 
Iron, trivalent: see under Ferric, 1348. 

Iron, hexavalent, as in Ferrates M 3 Fe 04 , 
1368. 

Iron nitrides FogN, Fe 4 N, 1925-6. 

Iron nitrosyl Fe{NO) 4 , 1372; valency of iron 
in nitrosyls and carbonyls, 1374. 

Iron nitrosyl-carbonyl Fe(CO) 2 (NO)j, 1373. 


Iron nitrosyl halides, 1373; Koussin’s salts, 
1373. 

Iron (ferrous) nitrosyl sulphide, 1374. 

Iron and phosphorus, 1327. 

Iron pyrites FeSg, 1330. 

Isocyanides, 672. 

Isomerism, 602. 

Isonitriles, 672. 

Kainite, 240. 

Kalkstickstoff, 668 . 

Kharasch effect, 1178. 

‘Knocking’ of petrol engines, 873. 
‘Kopfbodenschimelzen*, 1426. 

Kr 5 ;pton, 1, 8 , 9. 

Kupferindig CuS, 162. 

Kupfernickel NiAS, 1426. 

Landolt, 762. 

Lanthanide bromates, 449. 

Lanthanide bromides, 449. 

Lanthanide calcides, 448. 

Lanthanide carbides, 448. 

Lanthanide compounds, 447. 

Lanthanide contraction, 445, 446. 
Lanthanide fluorides, 448. 

Lanthanide hydrides, 447. 

Lanthanide metals, 447. 

Lanthanide nitrates, 449. 

Lanthanide nitrides, 448, 663. 

Lanthanide oxalates, 449. 

Lanthanide oxides, 448. 

Lanthanide oxy-acid salt®, 449. 

Lanthanide selenides, 448. 

Lanthanide sulphates, 449. 

Lanthanide sulphides, 448. 

Lanthanide tellurides, 448. 

Lanthanide trihalides, 448. 

Lanthanides, 441; abnormal valencies, 450; 
abundance, 446; artificial radioactivity, 
455; atomic structures, 441. 
Lanthanides, basicity of hydroxides, 446. 
Lanthanides, colour, 443. 

Lanthanides, distribution of abnormal 
valencies, 460. 

Lanthanides, divalent, 463. 

Lanthanides, natural radioactivity (Sm, 
Lu), 444. 

Lanthanides, paramagnetism, 442. 
Lanthanides, separation, 466. 

Lanthanides, tetravalent, 450. 

Lanthanides, valencies, abnormal, 450. 
Lanl^hanum boride, 368. 

Lead; see also Plumbic, Plumbous; metal, 
653. 

Lead alkyl-aryls, dipole moments, 58P. 
Lead dioxide, 600, 603. 

Lead diphenyl, 624. 

Lead ditolyl, 623, 624. 

Lead hydride, 654. 

Lead, organic compounds, 587. 

Lead perchlorate, 1234. 

Lead, red, Pb 804 , 603, 

Lead suboxide PbjO non-existent, 624. 
Lead tetra-acetate, 611; physical pro¬ 
perties, 612. 

Lead tetra-alkyls, 687, 
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Lead tetra-aryls, 689. 

Lead tetraethyl, 588; production, 688; use 
as anti-knock, 588. 

Lead tetramethyl, 688. 

Lead tetraphenyl, 589. 

Lead trialkyl hyi-oxides, RgPb'OH, 690. 
Lead triphenyl, ions [<t>8Pb]+, 690. 

Lead, trivalent free radicals, 696. 

Lewisite, 768. 

Limonite FeO-OH, 1362. 

Lindemann glass, 199, 601. 

Linkage, covalent, xvii; ionic, xvii; mixed, 
xix. 

Lithium, 60; resemblance to Magnesium, 

101 . 

Lithium alkyls, peculiarities of, 70, 72, 82. 
Lithium borohydride, 366. 

Lithium, hydration of, 101. 

Lithium, isotopes, 61. 

Lithium nitride, 84. 

Lithium, peculiarities of, 100. 

Lithium perchlorate, 101; solubilities, 101. 
Ldwig, 772. 

Lutecium, natural radioactivity of, 444. 
Luteo-chromic ammines, 1016. 

Magnesium, 222; metal, 222. 

Magnesium acetate, 238; autocomplexes, 
239. 

Magnesium acetylacetonate, 242. 

Magnesium alkyl €ind aryl halides (Grignard 
reagents), 224; colour test, 231; condi¬ 
tions of formation, 226; disproportiona¬ 
tion, 230, 232; oxidation, 231; rate of 
formation, 227; structures and mechan¬ 
ism of reaction, 229; sythese with, 225. 
Magnesium alkylat^, 238. 

Ma^esium ammines, 241. 

Magnesium boride, 368. 

Magnesium bromate, 240. 

Magnesium bromide, 237. 

Magnesium carbides MgCa, MgC,, 223. 
Magnesium carbonate, 237. 

Magnesium chlorate, 240. 

Magnesium chloride, 237. 

Magnesium complexes, 241. 

Magnesium cyanide, 238. 

Magnesium dialkyls, 233. 

Magnesium diamide, 234. 

Magnesium diaryls, 233. 

Magnesium dicluomate, 240. 

Magnesium diethyl, 233. 

Magnesium dimethyl, 233. 

Magnesium diphenyl, 233. 

Magnesium etherates, complex, 242. 
Magnesium fluoride, 236; complexes, 242. 
Magnesium formate, 238. 

Magnesium hydride, 223. 

Magnesium hydroxide, 235. 

Magnesium iodate, 240. 

Magnesium iodide, 237. 

Magnesium ion, 222. 

Magnesium nitrate, 239. 

Magnesium nitrile complexes, 242. 
Magnesium nitrite, 239. 

Magnesium oxalate, 239. 

Magnesium oxide, 236. 


Magnesium oxygen complexes, 232, 242. 
Magnesium perchlorate, 240; drying power, 
241. 

Magnesium periodate, 241. 

Mcignesium peroxide, 236. 

Magnesium selenate, 240. 

Magnasium selenide, 236. 

Magnesium subhalides, 236. 

Magnesium sulphate, 239. 

Magnesium sulphide, 236. 

Magnesium sulphite, 239. 

Ma^esium telluride, 236. 

Magnetism of stannous aryls, 620. 

Magnus' green (Pt) salt, 1691. 

Malachite, 164. 

Manganese, 1264; metal, 1266; valencies, 
1264. 

Manganese boride, 368. 

Manganese carbides MiigC, Mn 4 C, 1266. 
Manganese hydride (?), 1266. 

Manganese nitrides Mn^Nj, MnNj, 1266. 
Manganese, heptavalent, 1266. 

I Permanganates, 1267; alkaline salts, 
solubilities, 1268; colour, 1268. 
Permanganic acid HMn 04 , 1267; anhy- 
f dride, 1267. 

^Hanganese, hexavalent, 1269. 

Manganates, 1270. 

Manganic acid, 1270. 

Manganese, tetravalent, 1271. 

Manganese complex halides, 1274. 
Manganese dioxide, 1271; mechanism of 
dithionate formation, 1272. 

Manganese tetravalent salts, 1273; com¬ 
plexes, 1274. 

Mangaoites, 1273. 

Mangsuiese, tnvalent (manganic), 1276. 
Manganic acetate, 1277. 

Manganic acetylacetonate MnA^, 1278. 
Manganic alums, 1278. 

Manganic chloride MnClg, 1276. 

Manganic complexes, 1277. 

Manganic cyanide complexes, 
M8[Mn(CN)4], 1277. 

Manganic dioxalato-salts 
M[MnOxa(OH8)8], 1279. 

Manganic fluoride MnF,, 1276. 

Manganic malonato-acid 

H[Mn(C,H. 04 ),(OH,)J, 1280. 

Mangamc malonato-complexes, 1280. 
Manganic oxalato-complexes, 1279. 
Manganic phosphates, complex, 1278. 
Manganic sesquioxide 1276. 

Manganic sulphate Mn 8 [S 04 ] 8 , 1277; 

complexes, 1278. 

Manganic trimalonato-salts, 1281. 
Manganic trioxalato-salts, 1279. 

Mangano-manganic oxide Mn804, 1276. 
Manganese, divalent (manganous), 1282; 
ions and salts, 1283. 

Manganous acetate, 1284. 

Manganous acetylacetonate MnA,, 1286. 
Manganous alkylates, 1284. 

Manganous ammines, 1286. 

Mcuiganous bromide MnBr,; complexes 
M,[MnBr4], 1287. 

Manganous carbonate MnCOg, 1284. 
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Manganous chloride MnCl,, 1286; com¬ 
plexes, 1287. 

Manganous complexes, 1286. 

Mcinganous cyanide, 1283; complexes 
M4[Mn(CNy, 1286. 

Manganous fluoride MnFj, 1285. 
Manganous formate, 1284. 

Manganous halides, complex, 1287. 
Manganous hydroxide Mn(OH)„ 1283. 
Manganous iodide, 1286. 

Manganqus nitrate, 1286; complexes, 
1287. 

Manganous oxalate, 1285; oxalato-com- 
plexes, 1287. 

Manganous oxide MnO, 1283. 

Manganous oxygen-complexes, 1286. 
Manganous perchlorate, 1285. 

Manganous selenide, 1284. 

Manganous sulphate, 1285; complexes, 
1287. 

Manganous sulphide, 1284. 

‘Manganese, univalent, 1287; in solution, 
1287. 

Cyanides, complex M 5 [Mn(CN)a], 1288. 
Nitrosyl complex M,[Mn(CN) 5 NO], 1288. 
Marcasite FeS„ 1330. 

Markownikoff’s rule, 1177. 

Mass/energy ratio (Einstein), 1087. 

Masses of nuclei, 1087. 

Mercaptans, 320, 880. 

Mercaptans, seleno-, 954. 

Mercuric acetylacetonate, 329. 

Mercuric acetylene compounds, 315. 
Mercuric alkyls, 301. 

Mercuric alkyl-halides, 310. 

Mercuric ammines, 327. 

Mercuric ammonia derivatives, 317. 
Mercuric arsine complexes, 329. 

Mercuric aryls, 313, 

«Mercuric bromide, 323. 

Mercuric carboxylates, 325; ionization, 326. 
Mercuric chlorate, 327. 

Mercuric chloride, 323. 

Mercuric covalency not more than 4, 328. 
Mercuric cyanide, 299; complexes, 327. 
Mercuric dialkyls, 310. 

Mercuric diethyl, 300. 

Mercuric dimethyl, 300. 

Mercuric disulphonic acid, 321. 

Mercuric fluoride, 322. 

Mercuric fulminate, 319. 

Mercuric halides, 322; complex, 331; solu¬ 
bility, 324. 

Mercuric hexamercarbides, 314. 

Mercuric hydroxide, 320. 

Mercuric iodide, 323; complexes, 332. 
Mercuric iron carbonyl, 1371. 

Mercuric mercaptan-chlorides, 321. 

Mercuric mercaptans, 320. 

Mercuric nitrate, 326. 

Mercuric nitride, 317. 

Mercuric nitrite, 326. 

Mercuric nitro-complexes, 329. 

Mercuric nitroform, 325. 

Mercuric oxalato-complexes, 330. 

Mercuric oxide, 300, 319. 

Mercuric oxy-acid salts, 324. 


Mercuric oxygen-complexes, 329. 

Mercuric perchlorate, 327. 

xtfercuric phosphine complexes, 329. 

Mercuric salts, ionization of, 197; solu¬ 
bilities, 297. 

Mercuric selenide, 320. 

Mercuric sulphate, 327. 

Mercuric sulphide, 320. 

Mercuric sulphonium complex iodides, 332. 

Mercuric sulphur complexes, 330. 

Mercuric telluride, 320. 

Mercuric thioether complexes, 331. 

Mercurous compounds, 289-96. 

Mercurous acetate, 294. 

Mercurous ammonia compounds, 295. 

Mercurous bromate, 295. 

Mercurous bromide, 294. 

Mercurous carbonate, 294. 

Mercurous chlorate, 296. 

Mercurous chloride, 293. 

Mercurous complexes, 296. 

Mercurous fluoride, 293. 

Mercurous formate, 294. 

Mercurous hydrazine complex, 296. 

Mercurous hydroxide, 292. 

Mercurous iodate, 295. 

Mercurous iodide, 294. 

Mercurous ion, 292; proved diatomic, 289; 
^ equilibriiim, 290. 

Mercurous nitrate, 294. 

[Mercurous oxide non-existent, 292]. 

Mercurous sulphate, 295. 

Mercurous sulphide, 293. 

Mercurous trichloracetate, 294. 

Mercury, 262, 285; metal, 286; vap( ur like 
inert gas, 287; volatility, 286. 

Mercury amalgams, 288; concentration of, 
289; high-melting. 288. 

Mercury hydride HgH 18, 289. 

Mercury, inert pair in, 287. 

Mercury, ionization potentials, 285. 

Mercury organic compounds, 298-316. 
Formation, 301; by replacement of 
hydrogen, 302; other metals, 303; nitro¬ 
gen^ 304; oxygen, 304; halogens, 304; 
addition to C=C, 306; to carbon 
monoxide, 306. Physical properties, 
309. Weakness of C-Hg link, 298; 
cause of this, 300,310. Dipole moments, 
309; inertness of mercury organic com¬ 
pounds, 313; heterocyclic derivatives, 
306; catalysis of orgemic reactions, 307. 

Mercury, peculiarities of, 286. 

Metabisulphites, 909. 

Metallic selenides, 953; tellurides, 953. 

Metastability of thorium sulphate, 639; of 
white phosphorus, 727. 

Methyl iodide-bromide 1259. 

Michaelis, 772. 

Millerite NiS, 1426. 

Millon’s base, 318. 

Mischmetal], 806. 

Mixed oovalont-ionic links, xix. 

Molecular structure, xvii. 

Molybdates, 1039; 

para Mj[Mo(Moe024)]4H,0, 1040; 
fluoro-, 1044; per-, 1045. 
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Molybdenum, 1028; metal, 1029; sources, 
1029. 

Molybdenum and Timgsten, summary of 
valencies, 1067. 

Molybdenum blue, 1046. 

Molybdenum boride, 368. 

Molybdenum carbides MogC, MoC, 1031. 
Molybdenum carbonyl, 1026, 1066; am- 
mines, 1027, 1066. 

Molybdenum nitrides MoN, MojN, 1032. 
Molybdenum, hexavalent, 1032. 
Molybdenum hexabromide, 1035, 
Molybdenum hexafluoride, 1033. 
Molybdenum oxychloride M 0 OCI 4 . 
Molybdenum oxyfluorides, M 0 OF 4 , 
MoOgFa, 1035. 

Molybdenum trioxide, MoOj, 1037. 
Molybdenum trisulphide M 0 S 3 , 1038. 
Molybdenyl sulphates, as MoOaS 04 , 1045. 
Molybdic acid Ha[Mo 04 ], 1039. 
Molybdenum, pentavalent, 1047. 

Molybdonocyanides Mj[Mo(CN) 4 ], 1051; 
free acid, 1052. 

Molybdenum catechol complexes, 1053. 
Molybdenum complex thiocyanates 
M 2 [MoO(SCN) 4 ] and M 2 [Mo 02 (SCN) 3 ], 
1052; free acid Hs[Mo 02 (SCN) 3 ], 2 H 2 O, 
1051. 

Molybdenum complexes, 1049. 
Molybdenum oxalato-complexes 
M[Mo02Ox], 1053. 

Molybdenum oxybromides Ma[MoOBr 5 ], 
1050. 

Molybdenum oxychloride complexes 
MjCMoOCIJ, 1051. 

Molybdenum oxyfluoride complexes 
MaEMoOFg], 1050. 

Molybdenum oxysulphates Mo 203 (S 04 ) 2 , 
1049. 

Molybdenum pentachloride M 0 CI 5 , 1047. 
Molybdenum pentaselenide, 1049. 
Molybdenum pentasulphide MogSg, 1049; 
M 03 S 5 , 3 H 2 O, 1049; M 03 S 3 , 3 H 2 S, 
1049, 

Molybdenum pentoxide MojOj, ♦ 1048; 
hydrate MoO(OH) 3 , 1048. 

Molybdenum, tetravalent, i053. 

Molybdenum tetra valent complexes, 1055. 
Molybdenum cyanide complexes; 

M 4 [Mo(CN) 3 ], 1055; K4[Mo(CN)3]2H30, 
1056; M 3 rMo(OH) 8 (CN) 4 H,OJ, 1056. 
Molybdenum cyanic acid H 4 [Mo(CN) 8 ], 
6 H 20 ,1056; ester Mo(CIsr) 4 (MeNC),HgO, 
4 H 3 O, 1056. 

Molybdenum dioxide MoOg, 1054; di¬ 
oxide hydrate Mo(OH) 4 , 1054. 
Molybdenum diselenide MoSej, 1055. 
Molybdenum disulphide, 1054. 
Molybdenum tetrachloride M 0 CI 4 , 1053. 
Molybdenum trivalent, 1057. 

Molybdenum bromide MoBra, 1057. 
Molybdenum chloride MoCls, 1057; com¬ 
plexes, 1057-9. 

Molybdenum complex thiocyanates 
M 3 [Mo(SCN) 4 ], 1060. 

Molybdenum cyanides, complex, 
M 4 [Mo(CN) 20 H 2 ], 1060. 


Molybdenum fluorides, complex, 
M[MoF4]H20, 1059. 

Molybdenum hydroxide Mo(OH) 3 , 1058. 
Molybdenum oxide MojO,, 1058. 
Molybdenum selenide MoiSe,, 1058. 
Molybdenum sulphide, 1068. 

Molybdenyl bromide MoOBr, 1058 ; 
chloride MoOCl, 1058; fluoride MoOF, 

1058. 

Molybdenyl oxalate MogOOx,, 6 H 20 ,1069. 
Molybdenyl sulphate Mo 30 (S 04 ) 3 , SHjO, 

1059. 

Molybdenum divalent, MoeX 8 [Xj 4 , 1062. 
Molybdenum complexes, 1064; 
M2 [Mo4C1i4(OH2)8], 1065; 
[Mo 4C1«(H20)4](0H)4, 1065. 
Molybdenum ‘dibromide’ Mo^Br^j, 1062; 
dicldoride, 1062; halide Mo 4 Cl 8 [X ]4 
(X = Br or I), 1062; hydroxide 

MoeCl3(OH)4, I 4 H 2 O, 1062. 
Molybdenum group MojClg, structure, 
1063. 

Mond process (for nickel), 1426. 

Mosaic gold, 604. 

Multiple links, stereochemistry of, xxi. 
Mustard gas, 883. 

I Neodymium, «ee Lanthanides. 

[ Neodymium boride, 368; tetravalent, 452. 
Neon, 1 , 8 . 

Neptunium (No. 93), production, 1090. 
Neptunium borohydride, 1094. 

Neptimium, chemistry of, 1093; dioxide, 1094; 
hydrides NpH,, NpH 4 , NpH*, 1094; 
neptunyl acetate Na[Np 02(0 • CO • CHg], 
1094. 

Neutrino, xv. 

Neutron, xv. 

Nickel, 1426; metal, 1427; as catalyst, 1427; 

valencies, 1321. 

Nickel and carbon, 1428. 

Nickel and hydrogen, 1428. 

Nickel and nitrogen, 1428. 

Nickel and phosphorus, 1429. 

Nickel carbonyl, 1461; properties and 
structure, 1451. 

Nickel, non-valent, 1429: cyanide 

K 4 [Ni(CN) 4 ], 1429. 

Nickel, monovalent, 1429; monocyanide 
NiCN, 1429; complex cyanide 

K,[Ni(CN) 3 ], 1429; magnetism and 

structure, 1430; carbonyl derivatives, 
1462. 

Nickel, divalent (nickelous) compounds, 
1430. 

Nickelous acetate, 1435. 

Nickelous ammines, 1439; relative stabi¬ 
lity, 1440; chelate, 1441. 

Nickelous boride, 368. 

Nickelous bromate, 1438. 

Nickelous bromide, 1433; complexes, 
1449. 

Nickelous carbonate, 1435; complexes, 
1447. 

Nickelous chlorate, 1437. 

Nickelous chloride, 1433; complexes, 

1449: 
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Nickelous chlorite, 1437. 

Niokelous complexes, 1438. 

Nickelous cyanide, 1434; complexes, 1438. 

Nickelous dithio-oxalato-complexea, 1447. 

Nickelous fluoride, complexes, 1448. 

Nickelous formate, 1435. 

Nickelous glyoxime derivatives, 1442; for 
estimation of nickel, 1443; structures, 
1443. 

Nickelous hydroxide, 1431. 

Niokelous iodate, 1438. 

Nickelous iodide, 1433; complexes, 1449. 

Nickelous nitrate, 1436; double nitrates, 
1436. 

Nickelous nitro-salts, 1446. 

Nickelous oxalate, 1435; oxalato-oom- 
plexes, 1447. 

Nickelous oxide NiO, 1430. 

Nickelous perchlorate, 1438. 

Nickelous phthalocyanine complexes, 
1445. 

Nickelous sahcylaldoxime complexes, 
1445. 

Nickelous sulphate, 1436; double sul¬ 
phates, 1437. 

Nickelous sulphide, 1432. 

Nickelous sulphite, 1437. 

Nickelous thiocyanate, 1434; double salts, 
1434. 

Nickel, trivalent, 1449; higher oxides and 
oxide-hydrates, 1449; peroxide hy¬ 
drate, 1450. 

Nickel nitrosyl derivatives, 1452. 

Niobates, 837. 

Niobic acid, 837. 

Niobium (Columbium), 834; metal, 836; 
valencies, 836; divalent, 842. 

Niobium and hydrogen, 835. 

Niobium carbide, 836. 

Niobium nitrides NbN, NbgN, 836. 

Niobitun oxides: NbgO, 843; NbO, 842. 

Niobium pentabromide, 839; stereochemis¬ 
try, 839. 

Niobium pentachloride, 838. 

Niobium pentafluoride, 838. 

Niobium pentoxide, 836. 

Niobimn, pentavalent, 836. 

)S-diketone derivatives NbCl 2 (OAlk) 2 A, 
841. 

catechol complexes, 841. 

fluoride complexes: M[NbFfl], 839; 
MaCNbF,], 840. 

oxalato-complexes M 3 [Nb 0 (C 204 )j], 840. 

oxybromide complexes, 840. 

oxychloride complexes, 840. 

ox^uoride complexes, M,[NbOFj], 
MjimOF.], M.[NbOF7], 840. 

Niobium sulphides Nb^S,, NbS 4 , 836. 

Niobixim, tetravalent, 841. 

Niobium dioxide, 842. 

Niobium, trivalent, 842; in solution, 842; 
trichloride, 842. 

Nitramide HjN.NOa, 715. 

Nitrate of fluorine, 703. 

Nitrates, complex (nitrato-), 700. 

Nitrates, inorganic, 699; thermal decom¬ 
position of, 700. 


Nitrato-complex of gold, 189. 

Nitric acid, 698; acidity, 699; structure, 
698. 

Nitric oxide, 683; resonance in, 684; action 
on free radicals, 539. 

Nitride of lithium, 84; of sodium, 85. 
Nitrides, binary, 663. 

Nitrides, covalent, 663; interstitial, 663; 
ionic, 663. 

Nitriles and isonitriles, comp£«*ison of, 672. 
Nitrilo-sulphite K,[N(SO,) 5 ], 894. 

Nitrites, metallic, 694; esters, 696. 
Nitro-compoimds, organic, 696; acidity of, 
697; addition compoimds, 697; struc¬ 
tures of these, 697. 

Nitrogen, 666 ; active, 667; affinities, 666 ; 

heats of linkage, 666 . 

Nitrogen and life, 667. 

Nitrogen anion N in solids, 86 ; in ni¬ 
trides of Gp. IV A, 634. 

Nitrogen, atmospheric, artificial combina¬ 
tion of, 668 . 

Nitrogen bromide, 707. 

Nitrogen-carbon compoimds, 664. 

Nitrogen chlorides: NCI,, 706; NHCl*, 706; 
NH 3 CI, 706. 

Nitrogen, diaryl-, 718, 720. 

Nitrogen fluoride: NFj, 704; NHF*, 706; 

NHjF, 706; (sub-) NF„ 706. 

Nitrogen, free radicals, 718, 721. 

Nitrogen halides, substituted (organic), 707. 
Nitrogen hexaoxide, 692. 
Nitrogen-hydrogen bonds N-H-, 30. 
Nitrogen iodide, 707. 

Nitrogen oxides, 681. 

Nitrogen pentoxide, 691. 

Nitrogen peroxide, 688 ; dissociation of, 
688 . 

Nitrogen sesquioxide, 687. 

Nitrogen sulphides, as N 4 S 4 , 892. 

Nitrogen trioxide NOg, 691. 

Nitronium ion [NOj]+, 690. 

Nitronium salts, 690. 

Nitroprussides, 1343-6. 

Nitrosyl bromide, 702. 

Nitrosyl chloride, 687. 

Nitrosyl complexes, 687. 

Nitrosyl ferrichloride [NO]*[FeCl 4 ], 1367. 
Nitrosyl fluoride, 701. 

Nitrosyl perchlorate [NO] *[ 0104 ], 1236. 
Nitrosyl salts [NCj'^'X, 684. 

Nitrosyl tribromide NOBrg, 703. 

Nitrosyls, metallic, 683; application of inert 
gas rule, 686 ; structure, 685. 

Nitrous acid, 694; tautomerism of, 694. 
Nitrous oxide NjO, 682; resonance in, 683; 

structure, 683. 

Nitroxyl bromide, 703. 

Nitroxyl chloride, 702. 

Nitroxyl fluoride, 702. 

Nitrogen-nitrogen (N-N) compounds, 708. 
Nitrogen-nitrogen links, multiplicities and 
heats of formation, 656, 657, 717. 

Octahydrates, 250. 

Orford process (for nickel), 1426. 

Orpiment AsgSg, 790. 


6114.2 


Vol. II, pp. 866-1628. 

3h2 



1690 


SvJlyect Index to 


Osmium, 1490; metal, 1490. 

Osmium carbonyls; 08(00)5 , Obj(CO) 5 , 
1509. 

Osmium carbonyl halides, 1509; hydride, 

1509. 

Osmium nitrosyl halides M2[08(N0)X5], 

1510. 

Osmium, divalent, 1490. 

Osmium dichloride OsClj, 1491. 

Osmium cyanide complexes M 4 [Os(CN) 5 ], 
1491; sulphito-complexes, 1492. 

Osmium sulphide OsS^, 1490 (p 3 npitio); 
selenide, 1491; telluride, 1491. 

Osmium, trivalent: trichloride OsClg, 1492; 
complex halides, 1493; complex nitro- 
salts M8[08(N0a)5], 1492. 

Osmium, tetravalent, 1493. 

Osmium aminochlorides K 2 [Os(NH 2 )Cl 5 j, 
1498. 

Osmium ato-complexes, 1495. 

Osmium dioxide, 1493. 

Osmium hexabromide, 1497. 

Osmiiim hexachlorides, 1497. 

Osmium hexafluorides, 1497. 

Osmium hexammines, 1495. 

Osmium hydroxybromides 
M2[08(OH)Br5], 1498; chlorides, chloro- 
bromides, 1498. 

Osmium oxychloride 08(0H)Cla, 1495. 

Osmium sulphite complexes, various 
types, 1496. 

Osmium tetrachloride, 1494. 

Osmium tetrafluoride, 1494. 

Osmium tetra-iodide, 1494. 

Osmium, hexavalent, 1499. 

Osma^ Mj[Os04], 1499. 

Osmic esters, 1500, 

Osmic hexafluoride, 1499. 

Osmium nitrilohalides M[ObNXJ, 1503. 

Osmium phosphide OsP,, 1499. 

Osmyl complexes M2[080,X4], 1501; 

chloro-, 1502; cyano-, 1501; nitro-, 
1501: oxalato-, 1501; oxy-, aa 
M,[080,-0*Xj], 1502; sulphito, 1501. 

Osmyl tetrammines [0802(NH,)4]X,, 
1501. 

Osmium, ootovalent, 1503. 

Can osmium have covalencies above 8 ?, 
1507. 

Osmium complexes: osmiamic acid 
H[Os 05 N], 1608; osmiama-ates, 1607. 

Osmium octofluoride OsFg, 1606; com¬ 
bination with alkaline fluorides, 1506. 

Osmium tetroxide OsOg, 1603; chemical 
and physical properties, 1604. 

OsOg and OsFg, structures, 1606. 

Perosmates or osmenates M,[Os 04 X,], 
1609. 

Osmotic pressure: see under Cupric ferro- 
cyanlde, 1338. 

Oxalato-group, hydration of, 216. 

Oxides of nitrogen, 681. 

Oxonium compounds, 866. 

Oxonium salts, tri-alkyl [EtgOjX, 867. 

Oxy-aoids of nitrogen, 693; and see under 
Hyponitrous, 693; nitrous, 694; and 
nitric acids, 698. 


Oxygen, 866; atomic, 868; isotopes ^*0, 
866 ; isotopic exchange, 866. 

Oxygen, molecular, Oj: structure, 868; 
physical properties, 867. 

Oxygen, tetratomic, 863. 

Ozone Og, 859; chemical properties, 861; 
formation, 859; in the atmosphere, 860; 
molecular weight, 860; physical proper¬ 
ties, 860; structure and energy, 861. 

Ozonides, organic, 862. 


Packing Fraction (Aston’s), 1087. 

Palladium: atomic structure, 1653; metal, 
1653; colloidal, 1664; catalytic power, 
1654; parachor, 1666. 

Palladium and hydrogen: palladium hy¬ 
dride, 1564; dilfusion of, hydrogen 
through, 1557; solubility of H/D, 1556. 

Palladium, non-valent, K 4 [Pd(CN) 4 j, 1567. 

Palladium, monovalent, in solution, 1657. 

Palladium, divalent (palladous) compounds, 
1668. 

Palladous acetylacetonate PdAg, 1667. 

Palladous benzoin-oxime, <fec., deriva¬ 
tives, 1666. 

Palladous bromide PdBrg, 1660. 

Palladous chloride, 1559; structure, 1660; 
complexes M 2 PdCl 4 , 1668. 

Palladous complexes, 3-covalent, 1661. 

Palladous complexes, 4-oovalent, am- 
mines, 1662. 

Palladous complexes, ? 6-covalent, 1572. 

Palladous cyanide, 1661; complex cyan¬ 
ides, 1666. 

Palladous diammines, 1564. 

Palladous glycine salts, 1666. 

Palladous glyoxime complexes, 1664. 

Palladous iodide Pdig, 1660. 

Palladous monammine complexes 

(PdAmXgla, 1569; structure, 1670. 

Palladous nitrate, 1661. 

Palladous nitrile complexes, as 

(R.CN)2PdCl*, 1566. 

Palladous nitro-complexes M2[Pd(N02)4], 
1566. 

Palladous oxide PdO, 1558. 

Palladous salicylato-complexes, 1667. 

Palladous selenate, 1561. 

Palladous selenide, 1569. 

Palladous selenium complexes, as 

(R2Se),PdCl2, 1568. 

Palladous sulphate, 1561. 

Palladous sulphide PdS, 1568; PdgS, 
structure unknown, 1669. 

Palladous sulphur complexes, as 

(RgSlgPdClg, 1567. 

Palladous tetrammines, 1562. 

Palladous thiocyanate, 1561; complexes, 
as M 2 [Pd(CNS) 4 ], 1666. 

Palladous thiosemicarbazide complexes, 
1667. 

Palladous triazene complexes, 1663. 

Pcdladium, trivalent: sesquioxide, 1673; tri- 
fl^uoride PdF„ 1573; complex halides, 
.1674. 

Palleulium, tetravalent (palladic), 1574. 
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Palladio bromides, complex, 1576. 

Palladio ohlorides» complex, 1576. 

Palladixim dioxide PdOf, 1575. 

Palladio selenide PdSe,, 1575. 

Palladio sulphide PdS|: complex sul¬ 
phides, 1575. 

Palladium carbonyl compound Pd(CO)Clj, 
1577. 

Pcdladium nitrosyl chloride Pd(NO)aCl,, 
1577; sulphate Pd(]Sr 0 ) 2 S 04 , 1577. 

Pareu^hor, variable, of palladium, 1565. 

Paramagnetism of argentic compounds, 176; 
of lanthanides, 443. 

Particles, fundamental, xv. 

Pentathionic acid HjSgOg, 942. 

Peracetic anhydride, 973. 

Per-acids R-CO*OH, 874. 

Per-acids of sulphur (and see under Sulphur, 
per-acids of), 938. 

Per-alcohols R-O-OH, 872. 

Perazines, 720. 

Perchlorate of fluorine F*C 104 , 1138. 

Perchlorate of lead, 1234; of silver, 1233, 
1234. 

Perchlorate of magnesium as a drying agent, 
1233. 

Perchlorates, solubilities of, 1232. 

Perchloric acid HCIO4: hydrates, constitu¬ 
tion of, 1231; dissociation of, 1231. 

Perchloric esters, 1235. 

Perchloromethyl mercaptan ClaC-S-Cl, 929. 

Per-ethers Alk-0~0~^Alk, 872. 

Perhalic acids HXO4, 1230. 

Perhalides, 1190; trihalides, 1191; stabilities 
of X 3 cinions, 1193; of solid salts, 1195; 
structure, stability, and composition, 
1192. 

Perhalides, higher, MXj to MX 9 , 1197; type 
(MX 4 )n, as Cel 4 , 1198. 

Perhalides MfICl 4 ], peculiarities and struc¬ 
ture, 1199. 

Perhalides MEIClaF], 1200. 

Perhalides, other than alkaline, 1196; solva¬ 
tion of salts, 1197. 

Period, first long, absence of high co- 
valencies, 815. 

Periodates, 1238; alkaline, solubilities of, 
1238. 

Periodates, para, structure, 1239. 

Periodic acid, 1236; structure, chiefly 
0 =I( 0 H) 4 , 1236; ortho, H5IO., 1237; 
meta, HIO4, 1237. 

Periodic classification, xvi; Table (Thomsen, 
Bohr), xxvii; (Mendeleeff), xxviii. 

Permolybdates, 1045, 

Peroxides, inorganic, as Ba[0*0J, 871. 

Peroxides, organic, 872; and ‘knocking’, 
873; tertiary butyl, 873. 

Persulphates, 938; structure, 938. 

Persulphuric cwid HjSjOa, ®38. 

Pertungstates, 1045. 

Peruranates, 1074. 

Peruronio acid, 1074. 

Peyrone’s (platinum) salt, 1591. 

Phosphates, hexachloro-, [PCl 4 ]+[PCl 9 ]~, 757. 

Phosphates, hexafluoro-, 756; ion [PF*]”, 
757; salts, solubilities of, 757. 


Phosphates, ortho, meta, para, -745. 

Phosphine complexes, 755. 

Phosphine oxides, 733. 

Phosphine PHj, 729. 

Phosphines, alkyl, 731; aryl, 732. 

Phosphinic acids, 747. 

Phosphonic acids R'PO(OH) 4 , 747. 

Phosphonic triphenyl-methyl acid ester 
OaC POC-OHlO CaHc, 747. 

Phosphonium bases [R 4 PJOH, 731. 

Phosphoric acid, difluoro-, Fj,PO(OH), 748; 
monofluoro, 747. 

Phosphoric acid, hypo-, H 4 P 9 O 4 , 742. 

Phosphoric acid, per-, 746. 

Phosphoric acid, peroxy-, mono HgPOg; di 
H4pg09, 746. 

Phosphoric acids, ortho and meta, 744; 
esters, 745; meta and pyro, 746. 

Phosphoric oxide P 4 O 10 , 738. 

Phosphorous acid, 741. 

Phosphorous acid, hypo-, HgPOg, 742. 

Phosphorous oxide P 40 g, 736; structure, 737. 

Phosphorus, 725; active, ®^P, 725; allotropic 
forms, 726; links, single and triple, 
heats of, 728. 

Phosphorus complexes, 755. 

Phosphorus hydrides, 728; PH,, 729; salts 
of, 729; PgH 4 , 730; (PgH)^, solid, 730. 

Phosphorus-nitrogen compounds, 733; P 3 N 5 , 
733; PjNa or P 4 N 4 , 733. 

Phosphorus-nitrogen-halogen compounds, 
734; P-N-Cl compounds, 734; P-N-F 
compounds, 733; P 3 N 4 CI 0 , 735; P 4 N 4 Clg, 
735; P 4 N 4 CI 4 F 4 , 736; 736. 

Phosphorus organo-acids, 747. 

Phosphorus oxides, 736. 

Phosphorus oxy-acids, 739; and see Hypo- 
phosphorous, 739; Phosphorous, 741; 
Hypophosphoric, 742; Phosphoric, 744; 
Perphosphoric, 746. 

Phosphorus oxybromido POBrj, oxychlor¬ 
ide, oxyfluoride, oxyhalides, 751. 

Phosphorus penta-alkyls R^P non-existent, 
732. 

Phosphorus pentabromide, solid structure, 
754. 

Phosphorus pentachloride, 754; solid struc¬ 
ture, 754. 

Phosphorus pentahalides, 753. 

Phosphorus pentoxide P^Oio, 738; drying 
power, 739; polymorphism, 738. 

Phosphorus peroxide POg or PgOg, 739. 

Phosphorus, red, 727; relation to white, 727. 

Phosphorus sulphides,' 749; P 4 S 8 , P4S7, 
p 4 S,o, 750. 

Phosphorus telluride, 750. 

Phosphorus tetrachloride PaCl 4 , 754. 

Phosphorus tetra-iodide Pal 4 , 754. 

Phosphorus tetroxide, 737. 

Phosphorus tribromide, 753. 

Phosphorus trichloride, trifluoride, tri¬ 
halides, tri-iodide, 753. 

Phosphorus vapour: structure of P 4 mole¬ 
cules, 727. 

Phosphorus, white, 726; relation to red, 727. 

Phosphoryl halides: see Phosphorus oxy¬ 
halides. 
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Phosphoryl, thio; chloride, fluoride, halides, 
762. 

Plaster of Paris, 256. 

Platinum and hydrogen, 1579. 

Platinum blue Pt(NH• CO • CHjjj, 1582. 

Platinum metal, 1678; valencies, 1560. 

Platinum metals, general, 1454. 

Platinum, monovalent: chloride PtCl, 1580; 
in solution, 1680. 

Platinum divalent (platinous), 1681. 

Platinous aoetylacetonate complex salts, 
1699. 

Platinous amino-acid derivatives, 1696. 

Platinous ammines: see under Diammines, 
Triammines, Tetrammines. 

Platinous arsine complexes, 1699. 

Platinous bromide PtBr,, 1582; com¬ 
plexes M,[PtBr 4 ], 1606. 

Platinous cacodyl oxide complexes, 1601. 

Platinous chloride, 1682; complexes, 1605. 

Platinous complexes, 1683. 

Platinous complexes, 6-covalent, 1683; 
triamine derivatives, 1584; 4-covalent, 
1686; C=C co-ordination complexes, 
1686-6; structures, 1586. 

Platinous cyanide, 1682; complexes 
M2[Pt(CN)4], 1688. 

Platinous diammines [PtAmaR 2 ]^, 1694; 
planar structure, cis-trans isomerism: 
cia-trans differences, 1694—6. 

Platinous fluoride PtFa, 1681. 

Platinous glyoxime complexes, 1697. 

Platinous halide complexes, 1605. 

Platinous hydroxylamine derivatives, 
1596. 

Platinous iodide, 1682; complexes, 1605. 

Platinous nitro-ammine complexes, 1598. 

Platinous nitro-complexes Ma[Pt(N02)4], 
1697. 

Platinous oxaiato-oompiexes, 1600. 

Platinous oxide, hydroxide, 1581. 

Platinous phosphorus complexes, 1598. 

Platinous selenium complexes, 1602. 

Platinous sulphide PtS, 1681. 

Platinous sulphito-complexes, 1604. 

Platinous sulphur complexes, as 
[PtXalSRgla], 1601; structures, 1602; 
chelate sulphur-oxygen complexes, 
1604. 

Platinous tellurium complexes, 1603. 

Platinous tetrammines [PtAm 4 ]X: chelate 
tetrammines: evidence of planar struc- 
tiire, 1592; hydrazine derivatives, 1693. 

Platinous triammines [PtAmgRJX, 1593. 

Platinum, trivalent, 1606. 

Platinum"' ammines, 1608. 

Platinum antimonide PtSb, 1606. 

Platinum'" complexes, conditions of sta¬ 
bility, 1609. 

Platinum sesquioxide PtgOa, 1606. 

Platinum sulphates, complex, 1609. 

Platinum tribromide, 1607. 

Platinum trichloride, 1606; complexes, 
1609. 

Platinum tricyanide, 1607; complexes, 
1608. 

Platinum tri-iodide, 1607. 


Platinum, tetravalent (platinic), 1611. 
Platinio alkyl compounds, 1611; struc¬ 
tures, 1612. 

Platinic ammines, 1616. 

Platinic complexes, 1616. 

Platinic cyanide complexes, 1616. 

Platinic dioxide PtOj, PtOg, aq., 1613. 
Platinic hexabromides M 2 [PtBr 4 ], 1623. 
Platinic hexachlorides, 1623. 

Platinic hexafluorides, 1622. 

Platinic hexa-iodides, 1624. 

Platinic hexomethyl MejPt-PtMes, 1611. 
Platinic hexammines, 1617. 

Platinic monammines, 1621. 

Platinic nitro-halide ammines, 1621. 
Platinic oxalato-complexes, 1622. 

Platmic pentahalides M 2 [PtXBOH], 1624. 
Platinic pentommines, 1617. 

Platinic salts (platinates) M 2 [Pt(OH) 4 ], 
1621. 

Platinic selenide PtSeg, 1614. 

Platinic silicide PtSi, 1613. 

Platinic sulphide PtSj, 1614; complexes 
MjCPtSis], 1622. 

Platinic telluride PtTej, 1614. 

Platinic tetrabromide PtBr 4 , 1615. 
Platinic tetrachloride, 1614. 

Platinic tetrafluoride, 1614. 

Platinic tetrahalides M 2 [PtX 4 (OH) 2 ], 1625. 
Platinic tetrahydroxo-dihalides, 1621. 
Platinic tetra-iodide, 1616. 

Platinic tetramethyl PtMe 4 , 1611. 

Platinic tetrammines [PtAin 4 R 2 ]X 2 , 1619. 
Platinic thiocyanate complexes, 1616. 
Platinic triammines, 1620. 

Platinic trimethyl iodide MegPtI, 1611; 
acetylacetonates MejPtA, ammines, 
base, 1612. 

Platinum, hexavalent, 1625. 

Diarsenide PtAse, diphosphide Pt P 2 ,1626. 
Trioxide PtOg, triselenide PtSe,, 1626. 
Platinum carbonyl derivatives, 1627; car¬ 
bonyl halides, 1627; sulphides, &c., 
1628; complex salts, as M[PtCl 5 CO], 
1628. 

Platinum nitrosyl compounds M[PtCl8NO], 
1628; complexes, as [PtCl 2 (NO)py], 
1628. 

Plurnbane, diethyl-, nitrate Et 2 Pb(NOj)a, 
690. 

Plurnbane, diphenyl difluoride, 694. 
Plurnbane, diphenyl-nitrate, 691. 

Plurnbane, plumbic, plumbous, see also 
under Lead. 

Plurnbane PbH 4 , 663. 

Plurnbane, tetramethyl, 688. 

Plurnbane triaryl-sodium OsPb -Na, 690. 
Plurnbane triethyl monol EtjPb • OH, 690. 
Plurnbane, triphenyl bromide, 693; chloride, 
fluoride, iodide, 693. 

Plurnbane triphenyl monol OgPb-OH, 590. 
Plumbanes, alkyl and aryl, 687, 689. 
Plumbanes, alkyl and aryl halides, 692; pre¬ 
paration, 692; dipole moments, 692. 
Plumbanes, alkyl and aryl fluorides, 691. 
Plumbanes, alkyl-trihalide, 694; dialkyl di¬ 
halides, 693, 694. 


Vol. I, pp. i-xxxii, 1-863. 



1693 


Volumes I and II 


Phimbanes, diol-anliydrides R2pb0, 590; 
diol salts, 590. 

Plumbanes, firmness of attachment of 
hydrocarbon radicals, 689. 

Plumbanes, di (RgPb-PbRj), 595, 

Hexa-alkyl, 595; disproportionation, 695. 
Hexa-aryl, 596; dissociation, 697; mag¬ 
netism, 698; molecular weights, 697; 
relative stabilities, 596. 

Hexa-ethyl, 696; hexa-oyclohexyl, 596. 
Pliunbates, 603; sodium plumbate 
Naa[Pb(OH)J, 603. 

Plumbic (tetravalent) compounds: 

Plumbic acetate, 611; physical properties, 
612. 

Plumbic chloride PbCl 4 , 610. 

Plumbic dioxide PbOg, 603. 

Plumbic ion Pb^"*^, proof of, 612. 

Plumbic pyrophosphate PbP 207 , 611. 
Plumbichlorides, 616; plumbifluorides, 
616. 

Plumbonic acids R PbO OH, 591. 
Plumbous (divalent) compounds, 623. 
Plumbous acetate, 625; complexes, 626. 
Plumbous alkyls, 623. 

Phnnbous ammines, 625. 

Plumbous aryls, 623. 

Plumbous azide, 625. 

Plumbous benzoylacetonate, 626. 
Plumbous bromate, 625. 

Plumbous bromide, 625; complexes, 626; 

MPbgBr^, crystal structure, 627. 
Plumbous carbonate, 625. 

Plumbous chelate oxygen complexes: 

stereochemistry, 626. 

Plumbous chlorate, 625. 

Plumbous chloride, 625; complexes, 626. 
Plumbous chromate. 625. 

Plumbous complexes, 625. 

Plumbous cyanide, 625. 

Plumbous ditliionate, 625. 

Plmnbous fluoride, 625. 

Plumbous halides, 625. 

Plumbous hydroxide Pb(OH) 2 , 624. 
Plumbous iodate, 625. 

Plumbous iodide, 625; complexes, 626. 
Plumbous nitrate, 625; nitrato-com- 
plexes, 626, 

Plumbous nitrite, 625. 

Plumbous oxalate, 625; oxalato-com- 
plexes, 626. 

Plumbous oxide PbO, 624. 

Plumbous perchlorate, 625, 1234. 
Plumbous plumbate Pb 2 [Pb 04 ], 603. 
Plumbous selenide PbSe, 625. 

Plumbous sulphate, 625. 

Plumbous sulphide PbS, 624. 

Plumbous sulphite, 625. 

Plumbous telliiride, 625. 

Plumbous thiocyanate, 625. 

Plumbous thiosulphate, 625. 

Plumbous thiourea complexes, 626. 
Plutonium (No. 94), 1094; plutonates, as 
(NH4)8 Pu04, 1095. 

Plutonium borohydride, 1095. 

Plutonium, chemistry of, 1094. 

Plutonium halides, 1095. 


Plutonium hydrides, 1095. 

Plutonium hydroxide Pu(OH) 4 , 1094. 
Plutonium oxides, 1094, 1095. 

Plutonium valencies, 1094. 

Plutonyl nitrate Pu 02 (N 08 )a, 1095. 

Poly chromates, 1005. 

Polysulphides, aryl, 888 . 

Polysulphides of hydrogen, 885; metallic, 
890. 

Polysulphides, organic, 887; structure of, 887. 
Polonium, 995; preparation and concentra¬ 
tion, 995; chemistry of, 995, 996. 
Polonium acetylacetonate, 997. 

Polonium carbonyl (?), 997. 

Polonium hydride, 996; metal, 995. 
Polychromates, 1005. 

Polysulphides, aryl, 888 . 

Positron, xv. 

Potassium, see Alkali Metals. 

Potassium chromicyanide, 1015. 

Potassium manganate, 1270; metaborate, 
384. 

Potassium, radioactivity of, 83. 
Praseodymium, see Lanthanides. 
Praseodymium boride, 368; pentavalent, 
462?; tetravalent, 452. 

Prometheum (No. 61), 445. 

Protoactinium, 851 

Atomic weight (Aston, from lead; A.v. 
Grosse, direct), 852; metal, 853; source 
and discovery, 851; chemical properties, 
853. 

Fluorides M 2 [PaF 7 ], 853; pentoxide PaaOg, 
853; separation from pitchblende, 853. 
Proton, XV, 18. 

Prussian blue, 1339. 

Prussic acid {and see under Hydrocyanic 
acid), 668 ; tautomerism of, 669. 

Prussi-compounds, 1342, 1359. 

Prusso-compounds, 1342. 

Purple of Cassius, 177. 

Purpureo-chromic ammines, 1016. 

Pyrone salts, 866 . 

Pyrosulphates, 916. 

Quartz, 599. 

Radicals, free, 529, 545. 

Radii, atomic and ionic, xxi; Table, xxix. 
Radium, 243; concentration, discovery, 
243; metal, 244. 

Radium bromide, 253. 

Radirm chloride, 251. 

Radium fluoride, 251. 

Radium, ionic radius, 251, 

Radium, isotopes, 244. 

Radium nitrate, 256. 

Radium sulphate, 257. 

Rare earths, see Lanthanides. 

Realgar, A 84 S 4 , 789. 

Reiset’s (platinum) salt, 1591. 

Resonance, 509, 525, 665, 683, 684, 678, 717, 
897; conditions of, xviii; of carbon 
dioxide, xviii. 

Rhenium, 1291; occurrence and separation, 
1291; metal, 1293; general properties, 
1292; valencies, 1292. 
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Rhenium arsenide, 1294. 

Rhenium carbides, 1294. 

Rhenium carbonyl compounds: [Re(CO) 5 ]„ 
1314; hydride Re(CO) 4 COH, 1316; car¬ 
bonyl halides Re(CO) 5 X, 1316; car¬ 
bonyl ammines, 1315. 

Rhenium phosphide, 1294. 

Rhenium, heptavalent, 1294. 

Rhenium heptaselenide, 1299. 

Rhenium heptasulphide ReaS 7 , 1299. 
Rhenium heptoxide Re 307 , 1295. 
Rhenium oxybromide Re08Br4, 1299. 
Rhenium oxychloride, 1299. 

Perrhenates, 1296; solubilities, 1297; of 
barium, 1298. 

Perrhenic acid, 1295. 

Thioperrhenates, 1298. 

Rhenium, hexavalent, 1300. 

Rhenates M|[Re 04 ], 1300. 

Rhenic acid, 1300. 

Rhenium hexafluoride ReFj, 1301. 
Rhenium oxychloride ReOCl 4 , 1302. 
Rhenium oxyfluorides ReOF 4 , ReOjFj, 
1302. 

Rhenium trioxide ReOg, 1300. 

Rhenium, pentavalent, 1303. 

Complex cyanides K8[Re02(CN)4], 1306. 
Hyporhenates M[Re08], 1303. 

Oxyhalides MjCReOClj], 1305. 
Pentahalides as ReClg, 1304. 

Rhenium, tetravalent, 1306. 

Rhenites Ma[ReO,], 1307. 

Rhenium bromides, complex M 2 [ReBr 4 ], 
1309. 

Rhenium chlorides, complex, 1308. 
Rhenium dioxide ReOa, 1306. 

Rhenium diselenide, 1307. 

Rhenium disulphide, 1307. 

Rhenium complex iodides, 1310. 

Rhenium oxy-halides, complex, 1310. 
Rhenium tetrafluoride ReF 4 , complexes, 
1308. 

Rhenium, trivalent, 1311. 

Rhenium bromide ReBr^, 1313; com¬ 
plexes M[ReBr 4 ], 1313. 

Rhenium chloride Red,, 1312; complexes 
M[ReCl4], 1312. 

Rhenium sesquioxide RejOg, 1311. 
Rhenium, divalent, in solution, 1312. 
Rhodan (thiocyanogen), 674. 

Rhodium, 1513; metal, 1514; catalytic 
power, 1614. 

Rhodium and carbon, 1615; and hydrogen, 
1614; and nitrogen, 1616. 

Rhodium carbonyls (Rh(CO) 4 ),i and 
(Rh(CO)3)^, 1528. 

Rhodium carbonyl halides, 1629; carbonyl 
hydride, 1629. 

Rhodium, divalent, 1615. 

Rhodium chloride, 1516. 

Rhodium oxide. 

Rhodium sulphide, 1616. 

Rhodium sulphito-complexes, 1616. 
Rhodium, trivalent, 1616. 

Rhodium ammines, 1621. 

Rhodium bromide RhBr,, 1619; com- | 
plexes, 1626. { 


Rhodium chloride, 1518; complexes, 1626. 
Rhodium cyanide Rh(CN)j, 1619; com¬ 
plexes, 1621. 

Rhodium diammines, complex, 1620. 
Rhodium fluoride RhFj, 1517; complexes, 
1525. 

Rhodium hexammines, 1521. 

Rhodium hydroxide Rh(OH) 3 , 1516. 
Rhodium iodide, 1519. 

Rhodium malonato-complexes, 1625. 
Rhodium monammines, 1524. 

Rhodium nitrate, 1520. 

Rhodium nitro-salts, 1524. 

Rhodium oxalato-salts, 1525. 

Rhodium oxide RhjOg, 1616. 

Rhodium oxime complexes, 1524. 
Rhodium pentammines, 1522. 

Rhodium selenides, 1617. 

Rhodium sulphamide complexes, 1523. 
Rhodium sulphates, alums, auto-complex 
sulphates, 1619, 1620. 

Rhodium sulphide RhgS,, 1617; RhgSg, 
1516; Rh8S4, Rh^Sg, 1517. 

Rhodium sulphite, 1520. 

Rhodium sulphur complexes, as 
RhCSRgljXg, 1525. 

Rhodium tellurides, 1517. 

Rhodium tetrammines, 1523. 

Rhodium thiocyanate complexes, 1621. 
Rhodium triammines, 1523. 

Rhodium triammino-bromide 
[RhCNHglgBrgr, 1623. 

Rhodium more than trivalent, 1527. 
Rhodium fluoride RhF 4 or RhFj, 1627. 
Rhodium higher valencies in solution, 1628. 
Rhodium oxide RhO,, aq., 1527. 
Rhodo-chromic ammines, 1016. 
Riesenfeld-Liebhafsky test for 0-0, 871. 
Roseo-chromic ammines, 1016. 

Rotation, free and restricted, 499. 

Rotation of ions in crystals, 662; of thio- 
ethers, 881. 

Roussin’s (iron nitrosyl) salts, 1373. 
Rubidium halides, 94. 

Rubidium, radioactivity, 63. 

Ruby, 419. 

Ruthenium, 1469; metal, 1459. 

Ruthenium and carbon, 1459; and hydro¬ 
gen, 1459; and nitrogen, 1459; and 
phosphorus, 1460. 

Ruthenium carbonyls: Ru(CO) 5 , 1482, 
Ru3 (CO)4 , ? Ru(CO)4 , 1483. 

Ruthenium carbonyl halides Ru(CO)X 
and Ru(CO)aX|, 1483. 

Ruthenium nitrosyls, 1484. 

Ruthenium nitrosyl cyanides 
M,[Ru(CN)4 NO], 1487. 

Ruthenium nitrosyl halides Ru(NO)X|, 
1485; Ru(NO)X 3 , 1486; halide salts, 
1488. 

Ruthenium nitrosyl hydroxide 
? Ru(NO)(OH)3 , 1486. 

Ruthenium nitrosyl nitrate, 1486. 
Ruthenium nitrosyl oxcdato-salts, 1489. 
Ruthenium nitrosyl tetrammine, 1487; 

mone*, di-, tri-ammines, 1487. 
Rutheniumpentanitrosyl ?Ru(XO) 5 , 1486. 
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Ruthenium, monovalent, 1460. 

Ruthenium, divalent, 1460; in solution, 

1460. 

Ruthenium'^ ammines, 1463; ammonia 
complexes, 1464. 

Ruthenium'^ cyanide Ru{CN) 2 , 1462; 

complexes, 1462. 

Ruthenium dihalides, 1462. 

Ruthenium dihydroxide Ru(OH)j, 1461. 
Ruthenium dipyridyl bases, 1463; salts, 
1464. 

Ruthenium'' hexammines, 1463. 
Ruthenium purple Fe'"K[Ru<CN)«], 1339, 
1463. 

Ruthenium'' selenide (pyritic), 1461. 
Ruthenium'' sulphide RuS^ (pyritic), 

1461. 

Ruthenium" sulphito-ammines, 1464. 
Ruthenium trivalent, 1465. 

Ruthenium"' acetylacetonate RuAj, 1472. 
Ruthenium bromide RuBrg, 1466. 
Ruthenium chloride RuClg, 1466. 
Ruthenium'" complex halides, 1473. 
Ruthenium'" complexes, 1467. 

Ruthenium cyanide Ru(CN) 3 , 1467. 
Ruthenium'" dichloro-tetrammines, cis 
and trans, 1470. 

Ruthenium heptahalides M 4 [RuX,], 1475. 
Ruthenium hexahalides Ma[RuXg], 1474. 
Ruthenium hexammines (luteo-) 
[Ru(NH 3 ) 4 ]X 3 , 1468. 

Ruthenium hydroxide Ru[OH] 3 , 1466. 
Ruthenium iodide Rulg, 1467. 

Ruthenium nitro-complexes 
M3 [Ru(N03)5], 1472. 

Ruthenium"' oxalato-complexes, 1473. 
Ruthenium sesquioxide Ru^Oj, 1466. 
Ruthenium"' pentahalides M2[RuX5],1473. 
Ruthenium'" pentaniminos, 1468. 
Ruthenium red, 1472. 

Ruthenium'" sulphite, 1467. 

Ruthenium'" tetrahalides M[RuX 4 ], 1473. 
Rutheniiun"' tetrammines, 1469, 
Ruthenium'" triammines [RuAmjXj]®, 
1471. 

Ruthenium'" violeo-tetrammines (ci«), 

1471. 

Ruthenium, tetravalent, 1475. 

Ruthenium*^' ammines, 1477. 

Ruthenium chloride RUCI 4 , 1476. 
Ruthenium*^ complex halides, 1477, 
Ruthenium‘s hexahalides, 1478. 
Ruthenium‘s hydroxo-pentahalides 
M3 [RuX50H], 1478. 

Ruthenium hydroxide Ru(OH) 4 , 1476. 
Ruthenium hydroxy-chloride Ru(OH)Cl 3 , 
1476. 

Ruthenium oxalato-complexes 
K 3 [RuOx 3 ], 1477. 

Ruthenium oxide RuO*, 1475. 

Ruthenium pyrosulphite Ru(Sa 05 ) 3 , 1477. 
Ruthenium s^phate Ru(S 04 ) 3 , 1477. 
Ruthenium, pentavalent: pentafluoride 
RuF*. 1478. 

Ruthenium, hexavalent, 1479. 

Ruthenates M|[RuO|], 1479; ammines, 
1480. 


Ruthenium phosphide RuPj, 1480. 

Tetrachlororuthenates M,[Ru 03 Cl 4 ], 1480. 

Ruthenium, heptavalent: pemithenates 
M[Ru04], 1480. 

Ruthenium, octovalent: tetroxide RuOj, 
1481. 

Salvarsan, 771. 

Samarium, see Lanthanides. 

Samarium, natural radioactivity, 444. 

Sapphire, 419. 

Scandium, 440. 

Scandium acetylacetonate, 441; complex 
halides, double salts, 441. 

Scandium oxide ScjOg, 441; metaborate, 
384. 

Schonite, 240. 

Schweizer, 772, 

Selenanthrene, 968. 

Selenates, 976. 

Selenic acid, 975; comparison with sul- 
phmic, 976; esters, 977; hydrates, 976. 

Selenic acids, mixed, as H^SSeOj, 979. 

Selenides, dialkyl, 956; diaryl, 966; di¬ 
methyl, 955. 

Selenides, metallic, 953. 

Selenides of carbon, 979; carbon oxy- 
selenide COSe, 979; carbon sulpho- 
CSSe, 979; carbon di- CSe^, 979. 

Selenides, di-, R^Sej and structure, 955. 

Selenides, tri-, RgSog, 959, 960. 

Seleninic acids R-SeO -OH, 974. 

Selenious acid, 972; selenious esters, 973; 
metallic salts, 972. 

Selenious acid halides: see under Selenium 
oxy-halides, 973-4. 

Selenites, metallic, 972. 

Selenitines, as [0MeSe • CH* • COOHjBr, 958; 
resolution of this, 958. 

Selenium, 948; element, 950; allotropy, 949; 
effect of licrht, 949; vapour, structure 
of, 948. 

Selenium alkyl and aryl halides R*Se*X, 
960. 

Selenium and iodine, 989. 

Selenium aryl trihalides Ar-SeXj, 961. 

Selenium di-alkyl and di-aryl dihalides 
RaSeXg, 961. 

Selenium di bromide, 988. 

Selenium dichloride, 988. 

Selenium, di-, halides, as Ar-Se-Se-R, 961. 

Selenium dioxide SeOg, 970; structure, 970; 
organic oxidation by, 970. 

Selenium hexafluoride SeFg, 986. 

Selenium, sulphur and tellurium halides 
compared, 994. 

Selenium: hexabromo- and hexachloro- 
selenites, 989. 

Selenium hydrides, HjSe and ? HgSeg, 952. 

Selenium mixed oxides with sulphur and 
tellurium, as Se-SO,, 978. 

Selenium ‘mono’ bromide SegBrj, 989; 
‘mono’ chloride SegCl*, 987. 

Selenium organic compound, 953. 

Selenium oxides and oxy-acids, 970. 

Selenium oxybromide SeOBr,, 974. 

Selenium oxychloride, 974. 
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Selenium oxyfluoride SeOFj, 973. 

Selenium tetrachloride SeCl 4 , 988. 

Selenium tetrafluoride, 986. 

Selenium trioxide SeOg, 971. 
Selenocyanogen, 675. 

Seleno-ethers, 966; cyclic, 956. 
Seleno-ketones, R 2 C=Se or (RjCSe)*, 980. 
Selenomercaptans, 954. 

Selenones RgSeOg, 963. 

Selenonic acids R-SeOjH, 977. 

Selenonium compounds [RgSeJX, 958. 
Selenophene, 957; dimethyl-, 957. 
Selenophthene, 957. 

Selenoxides R^SeO, 961; differences from 
sulphoxides, 962; resemblance to 
iodoso-compounds, 964. 

Sidot’s blende, 270. 

Silane SiH 4 , 563. 

Silane, methyl CHg • SIH 3 , 562. 

Silane monols (silicols) RgSi • OH, 564. 
Silane, phenyl-trichloride O • SiClg, 567. 
Silane, triaryl, ArgSi-H, 563. 

Silane, tribenzyl, (<I> 3 CH 2 ) 3 SiH, 563. 

Silane triethyl-lithium Et^Si-Li, 663. 

Silane, trimethyl, 563. 

Silane triphenyl fluoride, 567. 

Silanes, di-, RgSi-SiRg* *^67; hexa-alkyl 
SigAlkg, 668 ; hexa-aryl, 568; hexa- 
ethyl, hexa-methyl, hexa-phenyl, 568. 
Silica, 699. 

Silicate esters, chloro-, as CHg -O-SiClj, 601, 
Silicates, ortho, roeta, 600; natural, 600; 

structures, 601. 

Silicic acid Si(OH) 4 , 600. 

Silicic esters, 601; methyl, propyl, 601. 
Silicochloroform, 608. 

Silicofluorides, 615. 

Silicon, 552. 

Silicon alkyl-halides, 566; boiling-points, 

666 . 

Silicon alkyl-hydrogen compounds, 562. 
Silicon aryl-halides, 567. 

Silicon boride, 368. 

Silicon dialkyl oxides, polymerized, 665. 
Silicon dioxide, structures, 699. 

Silicon disulphide, 603. 

SUicon, divalent, 617. 

Silicon ether, optically active, 565. 

Silicon fluoride complexes, 614. 

Silicon halides, abnormally low boiling- 
points, 607. 

Silicon hexabromide SigBr,, and iodide, 611. 
Silicon hexafluoride and chloride, 611. 
Silicon hydride-halides, 608. 

Silicon hydrides, 553. 

Silicon imide Cl 2 Si=NH, 612. 

Silicon monoxide, 617. 

Silicon nitride Si,N' 4 , 598. 

Silicon octo€«yl Si^Arg, 568. 

Silicon octochloride SigClg, 611; deca- 
chloride SigCljo, 611 
Silicon organic compounds, 669. 

Silicon oxygen complexes, chelate, 613. 
Silicon tetra-alkyls, 660; tetra-ethyl, tetra- 
methyl, tetra-propyl, 660. 

Silicon tetra-aryls, 661; tetraphenyl, 660. 
Silicon tetrabenzyl, 562. 


Silicon tetrabromide, tetrachloride, tetra- 
fluoride, tetra-iodide, 607. 

Silicon triols R-Si(OH)g, 566, 

Siliconic acids R • SiO * OH, 666 . 

Silico-organic acids, 666 . 

Silver: see Argentous and Argentic. 

Silver, abundance, 104; hydride, 112; metal, 
105. 

Sflylamine (MegSi) 2 NH, 663. 

Silyl aryl diols, 565. 

Silyl diols R 2 Si(OH) 2 , 666.1 

Silyl di-triphenyl ether OgSi-O-SiOg, 566. 

Silyl ethers RgSi-O-SiRg, 664. 

Smalt, 1376. 

Sodium: and see Alkalies. 

Sodium manganate, 1271; nitride, 85. 

Solubility and anion size, 410. 

Solubility and particle size, 257. 

Solubilities of salts in organic solvents, 102. 

Soret’s cement, 237. 

Sphalerite, 270. 

Spinels, 241. 

Stamiane, stannous, stannic: see also Tin. 

Starmane, SnH^, 653, 554. 

Stannano, dimethyl-sulphide, MojSnS, 681. 

Stannane diols, 580. 

Starmane oxy-derivatives, 680. 

Stannane trialkyl alkaline compounds, 679. 

Stannane, trialkyl alkylates, RgSn-O-R, 
580. 

Stannane, trimethyl, nitrate, oxalate, salts, 
sulphate, 580. 

Stannane, trimethyl sodium, MogSu^Na, 
679; ionization, 579. 

Stannane, trimethyl monol, 580. 

Stannane, triphenyl, ^gSn^H, 679; sodium 
derivative OgSn Na, 579. 

Stannane, tri-, SngMeg, 587. 

Stannane, tetra Sn^Meiot 587. 

Stannane, penta MegSn-SnMea-SnMeg- 
SnMeg-SnMeg, 687. 

Stannanes, alkyl-, 577-8. 

Stannanes, alkyl-fluoride-, ionized, 682. 

Stannanes, alkyl-halide, 582; distances, 682; 
ammines, 582. 

Stannanes, aryl, 679. 

Stannanes, aryl-halide, 683; aryl-trihalide, 
683. 

Stannanes, dialkyl, alkaline compounds, 
579. 

Stannanes, dialkyl, complexes, as 
K 2 [SnEtaF 4 ], 583; boiling- and melting- 
points, 584. 

Stannanes, poly-, (Sug, etc.), 687. 

Stannanes, di-, RgSn-SnRg, 586. 

Stannanes, di-, hexa-alkyl, 685; molecular 
weights and dissociation, 686 . 

Stannanes, di-, hexa-aryl, 586; dissociation, 

686 . 

Stannanes, di-, hexacyolo-hexyl, hexa- 
phenyl, hexatolyl, 686 . 

Stannates, normal, M 2 [Sn(OH)g], 602; 
meta-, 602; crystal structure, 602. 

Stannic (tetravalent) alkyl-aryl, 678. 

Stannic alkyl-hydrides, 678. 

Stannic ammines, effect of alkyls and halo- 
genel on stability, 613. 
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Stannic bromide, 609; complexes, 616. 
Stannic chloride, 609; complexes, 615, 616; 

ammines, 612; pyridine complexes, 613. 
Stannic chloro-iodide SnClgla, 610. 

Stannic cobalt carbonyl Sn[Co(CO) 4 ] 4 , 1423. 
Stannic hydroxide Sn(OH) 4 , 602. 

Stannic iodide, 609; complexes, 616. 
Stannic methyl-hydride CHjSnHj, 678. 
Stannic sulphide, crystal structure, 604. 
Stannic tetra-alkyls, tetra-aryls, 677. 
Stannic tetramethyl, tetraphenyl, tetra- 
tolyl, 677; crystal structure, 678. 
Stannic trimethyl-hydride MejSn-H, 578; 

triphenyl-hydride, 679. 

Stannites M 2 [SnOa], 621. 

Stanno-acetic aoid, CHjSnO-OH, 581. 
Stannoketones AlkjSnO, 581. 

Stannonic acids R • SnO • OH alkyl and aryl, 
581. 

Stannonic sulphide (thio) MeSnS-S-SnSMe, 
581. 

Stannous (divalent) compounds, 619. 
Stannous alkyls SnAJk,, 619. 

Stannous bi^omide SnBrg, 621; complexes, 
623. 

Stannous chloride, 621, 622; complexes, as 
K,SnCl 4 , 623. 

Stannous complexes, 622. 

Stannous diaryls, 620; diethyl, 619; di¬ 
phenyl, 620. 

Stannous fluoride, 621; complexes MaSnF 4 , 
623. 

Stannous formate Sn(HCO-0)a complexes, 
622. 

Stannous iodide, 622; complexes, 623. 
Stannous ion Sn++, 619. 

Stannous nitrate, 622. 

Stannous oxide SnO, 620; crystal structure, 
620. 

Stannous sulphate, 622. 

Stannous sulphide SnS, 621. 
Stereochemistry, xix; of Deuterium, 44. 
Stibine: ^ee also Antimony. 

Stibine, SbHj, 701. 

Stibine ‘ethers’ R,Sb-0-SbRa, 775. 

Stibine halides R-SbXg, 776. 

Stibine methyl diohloride, 776. 

Stibine oxides R 3 Sb= 0 , 776. 

Stibine oxy-compounda, 776. 

Stibine sulphides RjSbS, 776. 

Stibines, alkyl-tetrahalide, 777. 

Stibines, aryl-dihalide, 776. 

Stibines, di-, tetramethyl, tetraphenyl com¬ 
pounds, 779. 

Stibines, dialkyl-halide, 776. 

Stibines, dialkyl-trihalide, 777. 

Stibines, dimethyl, 779. 

Stibines, di-, (Sh-Sb), 778. 

Stibines, trialkyl, 773; reaction with hydro¬ 
gen chloride, 773. 

Stibines, trialkyl dihalides RgSbXj, 777; 
ionization, 778. 

Stibines, triall^l oxides R,SbO, 778. 
Stibines, triaryl, 773; triphenyl, 773. 
Stibines, triaryl oxides Ar^SbO, 776. 

Stibinic acids, dialkyl R 2 SbO(OH), 776. 
Stibino-compounds, Ar»Sb=:Sb* Ar, 779. 


Stibonic acids R-SbO(OH) 2 , 775. 

Stibonium compounds [R 4 Sb]X, 774; hy¬ 
droxides, 774. 

Strontianite, 264. 

Strontium, 242; metal, 244; from rubidium, 
63. 

Strontium acetate, 254. 

Strontium acetylacetonate, 260. 

Strontium alkyls, 246; aryls, 246. 
Strontium boride, 368. 

Strontium bromate, 268. 

Strontium bromide, 253. 

Strontium carbonate. 254. 

Strontium chlorate, 257. 

Strontium chloride, 252. 

Strontium complexes, 259. 

Strontium complex halides, 260. 

Strontium fluoride, 251. 

Strontium formate, 264. 

Strontium hydride, 245. 

Strontium hydroxide, 248. 

Strontium iodate, 259. 

Strontium iodide, 253. 

Strontium nitrate, 256. 

Strontium nitride, 247. 

Strontium nitrite, 255. 

Strontium oxalate, 255. 

Strontium oxide, 247. 

Strontium perchlorate, 258. 

Strontium peroxide, 249. 

Strontium polysulphide, 250. 

Strontium subfluoride, 251. 

Strontium subhydride, 245. 

Strontium sulphate, 267. 

Strontium sulphide, 260. 

Strontium sulphite, 266. 

Sub-borates, 361. 

Sub-boric acid, 361. 

Sulphate esters, 916; cyclic, 917. 

Sulphate ion, distances in, 914; hydration 
of, 914. 

Sulphates, metallic, 914; double, 916; solu¬ 
bilities, 915. 

Sulphates, pyro, 916; tri-, 916. 

Sulphato-complexes, 915. 

Sulphenic acids R-S-OH, 921; esters, 921. 
Sulphide, mono-, of carbon CS, 889. 
Sulphide, oxy-, of carbon, 889. 

Sulphides, metallic, 886 . 

Sulphides of nitrogen, N 4 S 4 , &c., 892; struc¬ 
ture of N4S4, 893. 

Sulphinic acids R-SO-OH, 922; esters, and 
their tautomerism, 922. 

Sulphites, complex, structures of, 909. 
Sulphite esters, 910. 

Sulphomonoperacid, 939; structure, 939. 
Sulphonal, 928. 

Sulphonamides R • SO, • NH„ 924. 
Sulphonation of benzene, mechanism of, 923. 
Sulphones RjSO*, 927; physical and hypno¬ 
tic properties, 928. 

Sulphonic acid, chloro-, HSOgCl, 936; esters, 
936. 

Sulphonic acid, fluoro, see under Fluoro- 
sulphonic, 933. 

Sulphonic acids R-SOg-OH, 923; esters, 
911, 926. 
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Sulphonium compounds, 8 ^; ce^rbonates, 
891; salts resolved, 891. 

Sulphonyl bromides, 937. 

Sulphonyl chloride R*SO,*Cl, 937; boihng- 
points and dipole moments, 937. 

Sulphoxides, di-, asymmetry of, 926. 

Sulphoxides, di*, of thianthrene, 920; of 
trimethylene trisulphide, 926. 

Sulphoxides, di-, racemization of, 927 ; reso¬ 
lution of, 927. 

Sulphoxides R,SO, 891, 925; structure, 
926. 

Sulphoxylate, ethyl, 906. 

Sulphoxylate of cobalt CoSO,, 906. 

Sulphoxylic acid S(OH) 2 , 905; esters, 906. 

Sulphur, 875; elementary, 876; isotopes, 
876; liquid forms, 877; solid forms. 877. 

Sulphur, structure of molecules, 877; va¬ 
pour, molecular weight, and dissocia¬ 
tion, 876; heats of linkage, 876, 880; 
chemical behaviour, 878; differences 
from oxygen, 876. 

Sulphur, tri-covalent, optically active, 891. 

Sulphur, aryl-chlorides, 929. 

Sulphur bromide SjBrj, 947. 

Sulphur chlorides: SCl^, 945; SgClj, 946; 

. ? 8 aCl„ ? 946. 

Sulphur decafluoride S,Fjo, 944. 

Sulphur difluoride SjFg, 944. 

Sulphur dioxide, 897; addition compounds, 
899; properties compared with ammo¬ 
nia and water, 898. As solvent, 897; 
for salts, 899; structure and resonance, 
897. 

Sulphur, halides of, 943. 

Sulphur heptoxide (?) SjjO;, 903. 

Sulphur hexafluoride SF^, 943. 

Sulphur hydride HjS, 878. 

Sulphur iodides non-existent, 947. 

Sulphur ‘monochloride’ S,Clj, 945. 

Sulphur monoxide S=0, 894; preparation, 
896; properties, 896; cause of peculi¬ 
arities, 896; S=0 link unstable, 896. 

Sulphur nitride chloride [N 4 S 4 }C 1 , 894. 

Sulphur nitride hydride, 893. 

Sulphur nitrides, 892; N 4 S 4 and structure, 
893. 

Sulphur-nitrogen complexes, 894. 

Sulphur, oxides: SO, 894; SjOj, 900; SO„ 
897; SO,, 900; SO4, 903. 

Sulphur, oxy-acids of, 904; sulphoxylic 
H,80„ 906; hydrosulphurous £[,8,0,, 
906; sulphurous H,SO„ 907; thio- 
sulphurous H,S,0„ 912; sulphuric 

H 2 SO 4 , 913; thiosulphuric H,S,0,, 917; 
sulphenic RSOH, 921; sxilphinic 
R-SOaH, 922; sulphonio R SO,‘OH, 
923. 

Sulphur, oxy-halide« of, 928. 

Sulphur, phenjrl-chloride, <1> * S • Cl, 929. 

Sulphur sesquioxide S,0„ 900. 

Sulphur, tert. butyl-iodide, Me,C • S • I, 929. 

Sulphur tetrachloride SCI 4 , 946; addition 
compounds of, 947. 

Sulphur tetrafluoride ? SF,, 944. 

Sulphiu* tetroxide SO 4 , 903. 

S^Jphur trioxide SO,, 900; behaviour on 


solidification, 901; chemical behaviour, 
902; physical properties, 902; possible 
structures, 902; solid forms, 901. 

Sulphuric acid, 913; ‘absolute’, 913; hy¬ 
drates, 913. 

Sulphuric acid, thio-, HjSgO,, 917. 

Sulphurous acid 11,80,, 907; esters, 908; 
tautomerism, 908. 

Sulphuryl chloride, 932, 935; chlorofluoride, 
936; fluoride, 935. 

Sulphylimines, 884. 

Tantalates, 846. 

Tantalates, peroxy-, 846. 

Tantalic acid, 845, 846. 

Tantalum, 843; metal, 844; valencies, 843. 

Tantalum and hydrogen, 844. 

Tantalum carbide, 844. 

Tantalum nitride TaN, 845. 

Tantalum sulphides TaS, TaS,, TaS,, 845. 

Tantalum, pentavalent, 845. 

Tantalum )8-diketone complexes, 
TaCl,(OAlk),A. 849. 

Tantalum bromide TaBrj, 84^. 

Tantalum catechol complexes, 849. 

Tantalum chloride TaCl,, 847. 

Tantalum complexes, 848. 

Tantalum fluoride TaF,, 846. 

Tantalum fliiorotantalates F^-F^-F,, 848. 

Tantalum heptafluoro-tantalate KjTaFy 
and its crystal structure, 848. 

Tantalum iodide Tal,, 847. 

Tantalum oxide Ta,0,, 846. 

Tantalum oxychlorides, 849. 

Tantalum oxyfluorides M8[TaOF,], 849. 

Tantalum oxy-halides, 848; complexes, 
848; amminos, 848. 

Tantalum, tetravalent, 849. 

Chloride TaCl 4 , 850. 

Dioxide TaO„ 849. 

Disulphide, 845, 849. 

Tantalum, trivalent, 860. 

Tribromide, 861. 

Trichloride, 860; complex Ta,Cl 70 , 3H,0, 
851. 

Tantalum, divalent, 861; dichloride TaCl,, 
861. 

Tautomerism, 669, 694, 908, 922, 1670. 

Technetium (Masurium), 1289. 

Technetium, chemical propierties, 1289; 
metal, 1289; separation from rhenium, 
1290. 

Technetium, history and production, 1289. 

Telluric acid Te(OH)e, 983; alio- (H,Te 04 )„, 
983, 986. 

Telluric acid, ortho, Te(OH) 4 , 983; ester 
Te(O.CH,)e. 984. 

Telluride, oarbon-sulpho, TeCS, 986. 

Tellurides, cyclic, 966. 

Tellurides, di-, as Ar-Te*Te-Ar, 966. 

Tellurides dialkyl, 964; diaryl, 966; di¬ 
methyl, 965. 

Tellurides, metallic, 963. 

Tellurifluorio acid HTeF,, 6H,0, 991. 

Tellurinic acids R‘TeO*OH, 983. 

Tellurites, metallic, 981, 982. 

Telluriim alkyl trihalides R*TeX„ 968. 
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Tellurium anions Te~“, 951. 

Tellurium aryl monohalides Ar*Te*X, 966. 
Tellurium cations Te*"^, 951, 981. 

Tellurium complex halides, 993; M[TeX 5 ], 
MafTeX,], 994. 

Tellurium dialkyl dihalides, 967. 

Tellurium diaryl dihalides, 968. 

Tellurium dibromide, 993. 

Tellurium dichloride, 992. 

Tellurium dimethyl di-iodide MegTel,: iso¬ 
merism of, 967 ; structure of, 967. 
Tellurium dioxide TeO,, 980; addition com¬ 
pounds with strong acids, 981. 
Tellurium, elementary, 950. 

Tellurium hexafluoride TeF^, 990; and the 
covalency limit, 990; tellurium-fluorine 
distance, 991. 

Tellurium hydride HjTe, 952. 

Tellurium, inert pair in, 991. 

Tellurium monoxide, 980. 

Tellurium organic compounds, 953. 
Tellurium oxyhalides ?, 983. 

Tellurium tetrabromide TeBr 4 , 993. 
Tellurium tetrachloride, 992. 

Tellurium tetrafluoride, 991. 

Tellurium tetra-iodide, 981. 

Tellurium trioxide TeOg, 981. 

Telluro-ethers RgTe, 964. 

Telluroketones RaC=Te, 985. 
Telluromercaptans R Te*H, 964. 

Telluronea R^TeOa, 969. 

Telluronium salts [RgTeJX, 966; resolved, 
966. 

Tellurous acid, 981. 

Telluroxides R^TeO, 969; hydronitrates 
[RjTeOHJNOa, 969. 

Temperatures, low,* and helium, 4. 

Tenorite CuO, 150. 

Terbium: see Lanthanides. 

Terbium, tetravalent, 453. 
Tetra-aryl-hydrazines, 720. 
Tetrabenzyl-hydrazine, 720. 

Tetrathionic acid H 2 S 4 OJ, 942. 

Thallic (trivalent) acetate, 472. 

Thallic bromide, 470; complexes, 476. 
ThaUic chloride, 470; complexes, 476; 

CsjTlgClg and its structure, 476. 

Thallic complexes, 472. 

Thallic dialkyl-acetylacetonate, 474. 
Thallic dialkyl alkylates, 465; /3-diketone 
compounds, 466. 

Thallic dialkyl cation R^Te"^, stability, 464; 

stereochemistry, 464. 

Thallic dialkyl and diaryl salts, 463. 
Thallic dialli^l salts, 465; like thallous, 
464; solubilities, 464. 

Thallic diaryl salts, 466. 

Thallic formate, 472. 

Thallic iodide TII 3 , 470; complexes, 476. 
Thallic mono-alkyl and mono-aryl com¬ 
pounds, 466. 

Thallic nitrate, 472; complexes, 474. 
Thallic oxalato-complexes, 476. 

Thallic oxide Tl^O,, 467. 

Thallic oxy-acid salts, 471. 

Thallic sulphates, complex, 474. 

Thallic trialkyls, 462. 


Thallic triethyl, 462; trimethyl, 463; tri- 
phenyl, 463. 

Thallic trihalides, 470; alcoholates, am- 
mines, etherates, 473. 

Thallium, 468; metal, 459. 

Thallixun and the inert pair, 481. 

Thallous (monovalent) compoimds, 481. 
Thallous acetate, 486. 

Thallous acetylaeetonate, 487. 

Thallous alkyloxides, tetrameric, 484; 

structures, 485. 

Thallous azide, 484. 

Thallous bromate, 487. 

Thallous bromide, 486. 

Thallous carbonate, 486. 

Thallous chlorate, 487. 

Thallous chloride, 486. 

Thallous complexes, 487. 

Thallous compounds resemble alkaline, 
482; argentous, 481; plumbous, 481. 
Thallous cyanide, 484. 

Thallous fluoride, 485. 

Thallous formate, 486. 

Thallous haJides TlX, 485; solubilities, 483. 
Thallous hahdes TlX,, and TljXg, 486. 
Thallous hydroxide Tl OH, 484. 

Thallous iodate, 487. 

Thallous iodide, 486. 

Thallous ion, deforming power of, 483; is 
monatomic, 482. 

Thallous nitrate, 486. 

Thallous oxalate, 486. 

Thallous oxide TljO, 484. 

Thallous sulphate, '486. 

Thallous sulphide, 485. 

Thermite, 419. 

Thio-: see also under Sulpho-. 
Thioaldehydes, 888. 

Thioantimonates as Na 8 SbS 4 , 791; esters, 
791. 

Thioantimonites MgSbSj, 791; esters, 791. 
Thioarsenates M 8 [AsS 4 ], 790; esters, 790. 
Thioarsenites M 3 [AsS 3 ], 790; esters 

A 8 (S.Alk) 3 , 790. 

Thiobismuthites, as NaBiS*, 791. 
Thiochromites MCrSa, 1021 . 

Thiocyanic acid, 675; tautomerism of, 675. 
Thiocyanic esters, normal and iso, 676. 
Thiocyanic ions, 675. 

Thiocyanogen, 674; structure, 675. 
Thiocyanuric 6 icid, 679. 

Thio-ethers, 881; cyclic, 891. 

Thio-ethers, addition products to halogens 
as [AlkgS • Br]Br, 892; to carbon, 883; 
to metals, 884; to nitrogen, 884. 
Thioketones, 888 . 

Thiols, see Mercaptans, 880. 
Thiomolybdates, 1043. 

Thionic acids, 940; structures of, 940; di- 
HgSaOg, tri- HjSaOg, tetra- H 384 O 3 , 
penta- H 3 S 5 O 4 , 942; hexa- HjSgOg, 943. 
Thionyl bromide BrjSO, 931. 

Thionyl chloride, 931. 

Thionyl fluoride, 930. 

Thionyl halides: distances, 930; boiling- and 
melting-points, 930. 

Thiophene, 882. 
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Thiosilicates, 604. 

Thiostannates, 604; methyl ester, 606. 
Thiosulphates, complex, of bismuth, 919; of 
gold, 919, 920; of mercury, 919; of 
silver, 919, 920; of sodium, 919. 
Thiosulphates, metallic, 918; structure, 918. 
Thiosulphonic acids R* SOg- SH, 916; esters, 
922. 

Thiosulphiu-ic acid HjSjOj, 917; esters, 920. 
Thiosulphurous acid HgSaOi, 912; esters, 
912. 

Thiotungstates, 1044. 

Thiovanadates, 814. 

Thorium, 632; metal, 632; radioactivity, 
632; fission of, 63^ 

Thorium acetate, 639. 

Thorium acetylacetonate ThA^, 642. 
Thorium ammines, 640. 

Thorium boride, 368. 

Thorium carbide ThC,, 633. 

Thorium carbonates, complex, 643, 

Thorium catechol complexes, 644. 

Thorium chlorate, 639. 

Thorium chloride, 638; complexes, M[ThCl 5 ] 
to MjCThCl^], 646. 

Thorium dioxide ThOj, 636. 

Thorium fluoride ThF 4 ', complexes, to 
MaCThF^], 646. 

Thorium for polymethylene ring syntheses, 
499. 

Thorium formate, 639. 

Thorium halide alcoholates, etc., 641. 
Thorium hydroxide, 636. 

Thorium nitrate, 639; double salts, 641. 
Thorium nitride Th 8 N 4 , 634. 

Thorium oxalate, 643; complexes, 643. 
Thorium peroxide, 637. 

Thorium sulphate, 639; double salts, 644. 
Thorium tetrabromide, 639. 

Thorium tetrachloride, 638. 

Thorium tetrafluoride, 638. 

Thorium tetra-iodide, 639. 

Thulium, see Lanthanides. 

Thulium, divalent ?, 466. 

Tin: see also Stannic, Stannous. 

Tin dioxide SnOj, 600. 

Tin disulphide, 604. 

Tin hydride, 654. 

Tin, metal, 552. 

Tin nitride Sn 8 N 4 , 699. 

Tin organic compounds, stannic, 676; stan¬ 
nous, 619. 

Titanates, 636. 

Titanates, peroxy-, 636. 

Titanic esters, 636. 

Titanium ammines, 640. 

Titanium bromide, 637; titanibromides, 645. 
Titanium bromonitride N=Ti-Br, 640. 
Titanium carbide TiC, 633. 

Titanium catechol compoimds, 643. 
Titanium chloride TiC^, 637; titanichlor- 
ides, 646. 

Titanium chloronitride N~Ti-Cl, 640. 
Titanium dioxide TiO,, 635. 

Titanium fluoride TiF 4 , 637; titanifluorides, 
645. 

Titanium hydroxide Ti(OH) 4 , 636. 


Titanium iodide Til 4 , 638; complexes, 646. 
Titanium metal, 631. 

Titanium nitride TiN, 634. 

Titanium oxygen complexes, 641. 

Titanium peroxide, 636. 

Titanium sulphato-complexes, 644. 
Titanonium acetylacetonate salts [TiA,]X, 
641. 

Titanous (trivalent) compounds, 649; re¬ 
ducing power, 649. 

Titanous chloride TiCl,, 650; ammines, 
660; complexes, 661. 

Titanous complexes, 650. 

Titanous fluoride, 650; complexes, 651. 
Titanous hydroxide Ti(OH) 3 , 650. 
Titanous nitride TiN, 634. 

Titanous oxide Ti^Oj, 660. 

Titanium (divalent) compounds, 651. 

Titanium diohloride, 651; ammines, 
651. 

Titanium di-iodide, 651. 

Titanium monoxide TiO, 651. 

Titanium sulphate TiS 04 , 

Titanyl complexes, as KjfO—-TiOxj], 643. 
Toxicity of organic halides, 1129. 
Transitional elements, 104. 

Trichloromethyl perchlorate CI 3 C • 0 • CIO,, 
1236. 

Tridymite, 699. 

Trifluoro-isopropyl alcohol CF, • CHOH • CH„ 
1129. 

Trisizlphates MjSaOjo, 916. 

Trisulphide of hydrogen H,S„ 886 . 
Trithionic acid HjSgO,, 942. 

Tritium, 67. 

Tungstates, 1040; meta, 1041; para, 1041; 
per-, 1045. 

Tungstates, fluoro-, 1044. 

Tungsten, 1027; metal and its applications, 
1030. 

Tungsten blue, 1047. 

Tungsten boride, 368. 

Timgsten and carbon W,C, WC, 1031. 
Tungsten carbonyls, 1026, 1067. 

Tungsten catechol compoimds, 1046. 
Tungsten, inert gas compounds ?, 1031. 
Tungsten nitrides WN,, WjN,, 1032. 
Tungsten, hexavalent, 1032. 

Hexachloride, 1034; structure, 1034. 
Hexafluoride, 1033. 

Oxybromides WOBr,, W 02 Br„ 1037. 
Oxychlorides WOCI 4 , WO,Cl„ 1936. 
Ox^uorides WOF4, 1035. 

Tungsten trioxide W,0„ 1038. 

Tungsten trisulphide, 1038. 

Tungstic acid, 1040; chelate organic deri¬ 
vatives, 1046. 

Tungsten, pentavalent, 1047. 

Bromide, 1048. 

Chloride WC1„ 1048. 

Cyanides, complex, M,[W(CN) 8 ], 1062; 
sUver salt, 1052; acid H,tW(CN)J, 
6H,0, 1052. 

Tungsten oxides WaO,, 1049;W4Oii, 1049. 
Tungsten oxybromides Ma[WOBr 4 ], 
M(WOBr 4 ], 1061. 

Tungsten oxychlorides, 1051. 
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Tungsten oxyhalides, 1050. 

Tungsten thiocyanates, complex, 
Ma[WO,(SC]Sr) 3 ] and M,[WO(SCN),], 
1062. 

Tungsten, tetravalent, 1063. 

Complex chlorides M 2 [W(OH)Cl 5 ], 1065. 
Complex cyanides, M 4 [W(CN)g], etc., as ! 

with molybdenum, 1066. 

Dioxide WOa, 1054. 

Diselenide, 1055. 

Disulphide, 1055. 

Ditelluride, 1055. 

Tetrachloride WCI 4 , 1053. 

Tetra-iodide WI 4 , 1064. 

Tungsten, trivalent, 1059. 

Complexes, 1059; HgWaClg, 1059. 

Halides MgfWaClg], 1060; salts, various, 
1060. 

Ion [WgClj] and structure, 1061. 
Tungsten, divalent: 

Complex halides HaCWeBr.ClgJlSHaO, 
1066. 

Complex salts M 2 [WaCli 4 (OH 2 )a], 1065. 
Dibromide WBr, (? W^Brij), 1063. 
Dichloride, 1063. 

Di-iodide, 1064. 

Monoxide (?), 1064. 

Uranates, 1074. 

Uranates, per-, 1074. 

Uranic, acid, per-, 1074. 

Uranic acids HaU 04 ; H 2 UO 4 , HjO; H 2 U 2 O 7 , 
1073. 

Uranide contraction, 1093. 

Uranide series (Nos. 92-6), 1091; compared 
with lanthanides, 1092. 

Uranides, paramagnetism of, 1093, 

Uranium, 1069; metal, 1070; isotopes, 1090; 
somces, 1069; spontaneous radioactive 
changes, 1090. 

Uranium carbides UC, 1070; UC,, 1071. 
Uranium hydride UHg, 1070. 

Uranium nitrides UN, UgNg, UNg, 1071. 
Uranium peroxide UO 4 , 1073. 

Uranium phosphides UP, U 3 P 4 , UPg, 1071. 
Uranium reds, 1074. 

Uranium sulphides U4S8, U2S3, USa, US3, 
1073. 

Uranium, trans-, elements and their pro¬ 
duction, 1090. 

Uranium, hexavalent, 1071. 

Uranium complexes, 1075. 

Uranium hexachloride UCI 4 , 1072. 

Uranium hexafluoride UFg, 1072, 

Uranium trioxide UO,, 1073. 

Uranyl acetylacetonates, 1077; ammine 
complexes, 1077; hydrates, 1077. 

Uranyl bromide UOiBr,, 1076; com¬ 
plexes, 1078. 

Uranyl carbonate UOjCOa, 1077; com¬ 
plexes, 1078. 

Uranyl chloride, 1076; complexes, 1078. 
Uranyl (UO 2 ) complex acetates, 1078. 
Uranyl complex cyanides, as 
K2[U02(CN)4], 1078. 

Uranyl fluoride, 1076. 

Uranyl formate, 1076. 
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Uranyl iodate, 1076, 1078. 

Uranyl iodide, 1076. 

Uranyl nitrate, 1076; complexes, 1078. 
Uranyl oxalate, 1077; oxalato-compounds, 
1078. 

Uranyl perchlorate, 1076. 

Uranyl sulphate, 1077; complexes, 1078. 
Uranyl sulphide [UO.IS, 1077. 

Uranium, pentavalent, 1079. 

Uranium pentachloride, 1079. 

Uranium pentafluoride UFg, 1079. 
Uranium pentoxide UgOg, 1080. 

Uranium, tetravalent, 1080; resemblance to 
thorium, 1080. 

Uranium acetate U( 0 -C 0 -CH 8 ) 4 , 1083. 
Uranium borohydride U(BH 4 ) 4 , 1080; 

alkyl derivatives, 1080. 

Uranium bromide UBr 4 , 1082, 1084. 
Uranium chloride UCI4, 1084. 

Uranium disulphide USa* 1081. 

Uranium fluoride UF 4 , 1081, 1084. 
Uranium formate, 1083. 

Uranium hydroxide U(OH) 4 , 1080, 1081. 
Uranium iodide, 1082. 

Uranium nitrate, 1083. 

Uranium oxalate, 1084; oxalato-, 1084. 
Uranium oxy-chloride ITOCl,, 1083. 
Uranium oxy-fluoride, 1083. 

Uranium phosphate, 1084; complexes, 
1084. 

Uranium sulphate, 1083; metastability 
of, 1083; complex sulphates, 1084. 
Uranium, trivalent, 1085. 

Uranium borohydride U(BH 4 ) 3 , 1085. 
Uranium bromide UBrg, 1086. 

Uranium chloride, 1085. 

Uranium fluoride, 1086. 

Uranium nitride UN, 1086. 

Uranium sesquisulphide UjSj, 1085. 
Uranium sulphate, 1086. 

Uranium, divalent, 1086. 

Uranium raonosulphide (?), 1086. 
Uranium monoxide UO, 1086. 

Uranoso-uranic oxide U 3 O 2 , 1079. 

Valencies of an element, relations of, 106, 
109. 

Vanadium and hydrogen, 807. 

Vanadium boride VB, 807. 

Vanadium carbide VC, 807. 

Vanadium, metal, 806. 

Vanadium nitride VN, 807. 

Vanadium oxides VgOg, V 8 O 4 , V 2 O 3 , 808. 
Vanadium silioides VSig, VgSi, 807. 
Vanadium sulphides VgSg, VS 4 , 809. 
Vanadium, pentavalent, 809. 

Vanadates, condensed forms, 811; colour¬ 
less and coloured forms, 812. 
Vanadates, ortho, meta, para, 811. 
Vanadates, peroxy-, 814. 

Vanadates, various: interconversions, 813. 
Vanadio acid, 810. 

Vanadic acid, peroxy-, 814. 

Vanadio esters, 812. 

Vanadic esters, interconversions, 813. 
Vanadic esters: ortho R 3 VO 4 , 813; meta 
RaVaO,, 813. 
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Vanadium, pentavalmt (cont.). 

Vanadic esters, solid red, 813. 

Vanadium complexes, 817. 

Vanadium oxalato-oomplexes, 816. 
Vanadium oxybromide VOBr^, 816. 
Vanadium oxychloride, 816; complexes 
M[VOCl 4 ], 817. 

Vanadium oxyfluoride, 816; complexes 
MLVOFJ, M^CVOF*]. M,[VO,F,], 817. 
Vanadium pentafluoride VFg, 815. 
Vanadium pentoxide V 3 O 5 , 809. 
Veuiadium sulphato-complexes, 818. 
Vanadyl (VO'") compounds: ion [VO]^+^, 
816; scdts, 816. 

Vanadium, tetravalent, 818. 

Vanadites (hypovanadates) MaV^Og, 819. 
Vanadium chloride VCI 4 , 819. 

Vanadium dioxide VO 3 , 81 
Vanadium fluoride VF 4 , 819. 

Vanadium hydroxide V(OH) 4 , 819. 
Vanadyl bromide VOBr,, 821. 

Vanadyl chloride VOCI3, 821; complexes, 
822. 

Vanadyl (VO") compounds: j 8 -diketone 
complexes, 823; ammines, 823. 
Vanadyl fluoride, 820; complexes 
M,[V 0 F 4 ], 822. 

Vanadyl malonato-complexes, 822. 
Vanadyl oxalato-complexes, 822. 

Vanadyl salicylato-complexes, 823. 
Vanadyl salts, 821. 

Vanadyl sulphates, 821; sulphato-com¬ 
plexes, 822. 

Vanadyl sulphites, 821; sulphito-oom- 
ploxes, 822. 

Vanadium, trivalent (vanadic), 823. 

Vanadic acetate, 828. 

Vanadic aoetylacetonate VA,, 832. 
Vanadic alums, 828. 

Vanadic cunmines, as [V(NHj) 4 ]Cl 3 , 829. 
Vanadic ato-complexes, 826. 

Vanadic bromide VBr,, 826. 

Vanadic catechol complexes, 831. 

Vanadic chloride, 826; complexes 
M 3 [VCl 6 ], 830. 

Vanadic complexes, 828. 

Vanadic cyanide V(CN) 8 , 830; complexes 
M,[V(CN) 8 ], 830. 

Vanadic fluoride VFj, 825; complexes 
MVF^ to M.VF*, 830. 

Vanadic formate, 828. 

Vanadic halide complexes, 829. 

Vanadic hydroxide V( 0 H) 8 , 825. 

Vanadic iodide VIj, 826. 

Vanadic ion V'*'++, 829; ammines, 829; 
hydrates, 829. 

Vanadic oxalato-complexes, 831. 

Vanadic salicylato-complexes, 831. 
Vanadic salts, 827. 

Vanadic sulphate, 828. 

Vanadyl (VO') compoimds: monobromide 
VOBr, 827; monochloride, 827. 
Vanadium, divalent (vanadous) compounds, 
832. 

Vanadous bromide VBr,, 833. 

Vanadous chloride, 833. 

Vanadous complexes, 834. 


Vanekdous cyanides, complex, $34. 
Vanadous fluoride VFj, 833. 

Vanadous hydroxide V(OH)*, 832. 
Vanadous iodide, 833. 

Vanadous oxide VO, 832. 

Vanadous sulphate, 834; complexes, 834. 
Vanadous sulphide VS, 808, 833. 

Vitriol, 276, 283. 

Water, 863; physical properties, 864; water 
vapour, 864; liquid, 865; ice, 864; 
structure of H^O molecule, 864. 
Witherite, 264. 

Wiirster’s salts, 722. 

Wurtzite, 270. 

Xantho-chromic ammines, 1016. 

Xenon, 1 , 8 , 9, 10. 

Ytterbium, see Lanthanides. 

Ytterbium, divalent (Ytterbous) com¬ 
pounds, 465. 

Ytterbous bromide, 455. 

Ytterbous chloride, 465. 

Ytterbous iodide, 455. 

Ytterbous oxide YbO, 456. 

Ytterbous selenide, 456. 

Ytterbous sulphate YbS 04 , 

Ytterbous sulphide YbS, 455. 

Ytterbous telluride, 465. 

Yttrium, ^ee Lanthanides. 

Yttrium compoimds, 441, 446. 

Yttrium metaborate, 384. 

Zeise’s (platinum) salt, 1591. 

Zero-point energy, 7, 38. 

Zinc, 263; metal, 264; abundance, 263. 

Zinc acetate, 276. 

Zinc aoetylacetonate ZnAj, 283. 

Zinc, alcoholated ions, 281. 

Zinc alkyls, 265; alkyl-halides, 265; com¬ 
plexes, 279. 

Zinc amide, 268. 

Zinc ammines, 279; organic, 280. 

Zinc aryls, 267; aryl-halides, 265; com¬ 
plexes, 279. 

Zinc basic acetate, 214, 283. 

Zinc blende, 270. 

Zinc bromate, 277. 

Zinc bromide ZnBr^, 272. 

Zinc carbonate, 276. 

Zinc catechol complexes, 282. 

Zinc C=C complexes, 279. 

Zinc chlorate, 277. 

Zinc chloride, 272. 

Zinc complexes, 277. 

Zinc-copper couple, 266. 

Zinc cyanide Zn(CN)„ 268; complexes, 279. 
Zinc dimethyl, 266; diethyl, dipropyl, di- 
butyl, 266. 

Zinc fluoride, 271. 

Zinc halides, 271; complex, 284, 286. 

Zinc hydroxide, 269. 

Zinc iodate, 277. 

Zinc iodide, 273. 

Zinc nitjpate, 276. 

Zinc nitride, 268. 
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Zinc mtnlo«oomple!x^, 2SX. 

Zinc 275. 

Zinc nitro-Gomplexes, 281. 

Zinc oxalate, 275; oxalato-complexes, 282. 
Zinc oxide, 269. 

Zinc perchlorate, 277. 

Zinc peroxide, 270. 

Zinc salts, hydration of, 271. 

Zinc selenide, 270. 

Zinc sulphate, 276; sulphato-complexes, 283. 
Zinc sulphide, 270; sulphide complexes, 283. 
Zinc sulphite, 276. 

Zincates, 270. 

Ziroonates, 636; peroxy-compounds, 637. 
Zirconium acetylacetonate ZrA 4 , lOH^O, 
641, 642. 

Zirconium ammines, 640. 

Zirconium basic benzoate 
(Zr0)40(0.CO•<!))„ 642. 

Zirconium carbide ZrC, 633, 

Zirconium catechol complexes, 643, 644. 
Zirconium dioxide ZrOj, 635. 


Zirconium heptofluoridas M,ZrF^, 646; 

crystal structute, 646. 

Zirconium hexabromides Mg[ZrF 4 ], 645. 
Zirconium hexachlorides, 645. 

Zirconium hydroxide Zr(OH) 4 , 636. 
Zirconium metal, 632. 

Zirconium nitrate Zr(NO,) 4 , 639. 

Zirconium nitride ZrN, 634. 

Zirconium oxalato-complexes, 643. 
Zirconium oxygen-complexes, 641. 
Zirconium peroxide, 637. 

Zirconium sulphate Zr(S 04 )a, 639; sulphato- 
complexes, 644. 

Zirconium tetrabromide, 638. 

Zirconium tetrachloride, 638. 

Zirconium tetrafluoride, 638. 

Zirconium tetra-iodide, 638. 

Zirconium, divalent: dibromide, dichloride, 
di-iodide, 652. 

Zirconium, tri valent: tribromide, tricliloride, 
tri-iodide, 662. 

Zirconyl basic cicetate, 214. 
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